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Abstract 
Seagrasses of southern Western Australia grow in coastal waters exposed to 
varying degrees of physical exposure from oceanic swell waves and waves created by 
strong seasonal wind patterns.  Seagrass species have preferred niches within these 
exposures; however knowledge as to how a continuum of exposure effects seagrass 
distributions and landscape patterns is limited.  This thesis examined long term and 
seasonal  variability  occurring  in  a  seagrass  landscape  along  a  gradient  of  wave 
exposure on the North Sands platform, Warnbro Sound, Western Australia.   
Long term changes to the seagrass landscape were investigated over a 49 
year time period.  Seagrass areal extent was mapped from aerial photographs and 
compared through the years.  Over the period, 1953 to 2002, there was a 27 % loss 
of seagrass; from 273 ha in 1953 to 200 ha in 2002.  Loss was separated into two 
causes  anthropogenic  (boat  mooring/propeller  scars)  and  natural.    Boat 
mooring/propeller scars accounted for only 2 %.  The development of a large sand 
bar, growing from 27 ha to 89 ha, accounted for 66 % of the loss.  Historical records 
show a similar large-scale sediment event occurring in Warnbro Sound 170 years 
ago.    Increased  fragmentation  of  offshore  seagrass  meadows  through  time 
accounted for the remaining 32 %.   
To  confirm  the  gradient  in  exposure,  several  methods  incorporating  the 
effects of time and space were used to characterise water flow.  Wind effects were 
characterised into exposure indices, significant wave heights, bottom flow velocities 
and surface flows were modelled and in situ flow velocity was measured.  Modelling   4
and  in-situ  measurement  of  flow  velocities  showed  the  shape,  bathymetry  and 
topography of Warnbro Sound coupled with seasonal wind patterns, contributed to 
complex flow circulations within the bay.  All flow velocities modelled and measured 
showed a reduction in flow shorewards.  Modelled flows were highest during winter 
storms whereas wind effects were greatest in summer; due to the consistent and 
strong summer sea breezes.  A comparison of two transects along this flow gradient 
revealed differences between them.   
Sediment  grain  size  analyses  were  used  to  indicate  longer  term  flow 
characteristics along the gradient of flow.  Sediment profiles were coarser in the 
offshore exposed sites and finer in the inshore sheltered sites, but there was some 
modification  by  the  seagrass.    A  comparison  of  sediment  profiles  between  two 
transects along the gradient of flow showed differences.  There was also a seasonal 
influence.   
Seagrass  landscapes  were  investigated  along  the  gradient.    Aerial 
photographs showed a progressive increase in fragmentation of seagrass meadows 
from inshore to offshore.  Two transects were used, each with five different seagrass 
landscapes progressing from solid through to fragmented.  The two transects could 
be separated into three zones each.  The middle zones were similar in landscape but 
differed in seagrass species.  The inshore and offshore zones were the same, both in 
species and landscape.  Distribution of seagrass species along the two transects was 
correlated  to  the  flows  measured  over  the  transects.    There  was  a  relationship 
between  seagrass  distribution  for  the  whole  platform  and  wave  exposure.    5
Amphibolis  spp.  occurred  in  the  offshore  region  that  had  high  flow  velocities.  
Posidonia spp. occurred in the nearshore region that had low flow velocities.   
Distribution  of  seagrass  species  and fragmentation  patterns  were  strongly 
correlated with wave exposure gradients.  A strong correlation (r
2 = 0.8) existed in 
winter between seagrass species (density and landscape) and environmental factors 
associated with exposure.  Despite the strong winds in summer these had minimal 
effect on the seagrasses (low correlation).  Winter flow conditions are therefore the 
driver of patterns in species distribution and fragmentation seen in the seagrass 
landscape of Warnbro Sound. 
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1  General Introduction 
Seagrasses and their landscapes are influenced by hydrodynamic activity both 
spatially and temporally (den Hartog 1971; Zieman 1972; Fonseca 1996; Schanz and 
Asmus 2003).  This is particularly notable on the southern Western Australian coast, 
where  seagrasses  occupy  habitats  exposed  to  varying  degrees  of  swell  waves.  
However little is known about the effects these waves, with their orbital motion and 
oscillatory flow, have on seagrass landscapes.  This study documents the long-term 
and  seasonal  variability  of  a  seagrass  landscape  along  a  gradient  of  swell  wave 
exposure in Warnbro Sound on the southern Western Australian coast.  It examines 
and compares biotic and abiotic variables along this gradient in terms of small- and 
large-scale parameters (metres and 100s of metres).   
1.1  Seagrass landscapes and their role 
A landscape is the product of the spatial relationships, functional interactions 
and temporal alterations occurring within it.  Spatially landscapes are heterogeneous 
areas composed of a mosaic of patches, which differ from one another in one or 
more attributes (Robbins and Bell 1994; Burgaman and Lindenmayer 1998; Turner et 
al.  2001).    Although  landscape  ecology  has  traditionally  been  applied  to  the 
terrestrial environment (see: Turner 1989; He et al. 2000; Davies et al. 2001) it is also 
possible to apply its principles to the marine environment (Robbins and Bell 1994).  
In the context of this thesis the seagrass landscape of the study area is defined as 
one  in  which the  seagrass  species  and  meadow  continuity  vary  over space  (see:   15
Robbins and Bell 2000).  In order to gain a full understanding of processes occurring 
within this seagrass landscape small- and large-scale (i.e. metres and 100 s metres) 
effects were investigated.  
As a coastal landscape seagrasses fill trophic, structural and functional roles 
(Fonseca et al. 1982; Fonseca and Fisher 1986; Clarke 1987; Duarte 1989; Ferguson 
and  Korfmacher  1997).    Trophically  they  are  important  contributors  to  the  total 
primary production of the nearshore region, particularly via the detrital food chain 
(den Hartog 1967; Zieman and Wetzel 1980; Duarte 1989).  Structurally they provide 
some stability to nearshore sediments (Short and Wyllie-Echeverria 1996; van Keulen 
and Borowitzka 2003) and functionally they provide habitat and shelter for a range 
of organisms (Edgar and Shaw 1993; Brooks and Bell 2001; Lee et al. 2001; Paula et 
al. 2001).   
However  seagrass  meadows  are  declining  worldwide,  the  consequence  of 
which  has  far-reaching  implications  for  whole  ecosystems  (Walker  and  McComb 
1992;  Short  and  Wyllie-Echeverria  1996).    Losses  have  occurred  as  a  result  of 
environmental stressors (Seddon et al. 2000), severe weather events (Birch and Birch 
1984; Williams 1989), eutrophication (Cambridge et al. 1986; Cardoso et al. 2004; 
Frederiksen et al. 2004a) and boating pressures (Walker et al. 1989; Hastings et al. 
1995;  Milazzo  et  al.  2004).    Whilst  international  studies  have  described  areal 
increases  in  fast-growing  species  post-disturbance  (e.g.  Thalassia  testudinum, 
Zostera  capricorni)  (Robbins  1997;  Rasheed  1999),  the  majority  of  studies  in 
southern  Australia,  particularly  of  the  slow-growing  species  (e.g.  Posidonia  spp.), 
have  shown  little  or  at  least  prolonged  periods  (decades)  for  recovery  to  occur   16
following disturbance (Cambridge and McComb 1984; Kirkman 1985; Kendrick et al. 
2000; Meehan and Ronald 2000; Bryars and Neverauskas 2004).  Thus it is imperative 
for  the  effective  management  of  this  important  nearshore  resource  there  is  an 
understanding  of  the  inter-relationship  between  local  seagrass  landscapes  and 
natural disturbance, such as that driven by hydrodynamics and seasonal weather 
patterns,  so  that  these  may  be  considered  in  concert  with  planned  coastal 
development and hence anthropogenic effects.  
1.2  Disturbance and the seagrass landscape 
Patterns in animal and plant distributions in the marine environment have 
been correlated with disturbances resulting from physical factors (Birch and Birch 
1984; Kirkman 1985; Duarte and Sand-Jensen 1990; Dayton et al. 1992; Denny 1995).  
Disturbances may be viewed at a range of scales and perspectives, that is, from small 
scale (centimetres) to large scale (hectares) or from the viewpoint of their influence 
on an individual seagrass shoot or on an entire seagrass meadow.  Both natural and 
anthropogenic  factors  can  lead  to  landscapes  becoming  disturbed  (Turner  et  al. 
2001).  The extent of disturbance is affected by the aspect of the landscape (exposed 
versus protected) coupled with the intensity and frequency of disturbance (natural 
and/or anthropogenic).  A possible consequence of disturbance is the generation of 
patterns  in  the  distributions  of  flora  and  fauna,  for  example  the  process  of 
succession,  which  may  lead  to  fragmented  landscapes.    Many  studies  have 
demonstrated  that  succession  in  seagrass  meadows  is  a  complex  interaction 
between varying physical and environmental conditions, coupled with reproductive 
and vegetative growth strategies (den Hartog 1971; Bridges et al. 1982; Birch and   17
Birch  1984;  Kirkman  1985;  Clarke  and  Kirkman  1989).    A  seagrass  community’s 
species  assemblage  can  be  dependent  on  the  relative  level  and  frequency  of 
disturbance.  Fragmentation may be a result of waves and currents, bioturbators, or 
boating pressures (Cambridge et al. 1986; Walker et al. 1989; Fonseca 1996).  In the 
context  of  this  thesis  only  physical  exposure  (i.e.  weather  patterns  and 
hydrodynamics) will be investigated as drivers of seagrass meadow fragmentation, 
although estimation of loss due to anchor damage is also assessed.  
Distribution  of  seagrass  species  has  been  linked  to  water  flow,  however 
studies have tended to concentrate on one species rather than an assemblage of 
species (Ballesta et al. 2000; Frederiksen et al. 2004b; Cunha et al. 2005).  Although it 
has been suggested that the nature of species assemblages may be correlated with 
water flow, little research has been carried out to confirm this.  For example Bridges 
and co-workers (1982) suspected a link between the distribution of tropical intertidal 
seagrass species and tidal flows, whilst Kirkman (1985) proposed the intermediate 
disturbance  hypothesis;  that  is,  seagrass  communities  that  are  exposed  to 
intermediate  levels  of  disturbance  (from  swell  and  storms)  will  be  species  rich.  
Regardless, hydrodynamic disturbance is flagged as being a major driver in these 
processes to the extent that under some conditions interactions between factors is 
such  that  the  “best”  outcome  is  maintenance  of  the  patchiness  in  a  seagrass 
landscape (Duarte and Sand-Jensen 1990).   
Fragmentation is one pattern that results from disturbance.  A fragmented 
habitat is one that is broken up into smaller isolated, remnant patches of the original 
larger landscape (Burgaman and Lindenmayer 1998; Turner et al. 2001).  Seagrass   18
meadows may become fragmented as a result of numerous causes including, but not 
limited to, waves, currents, bioturbation or boating activities (Walker et al. 1989; 
Fonseca and Bell 1998; Townsend and Fonseca 1998).  Seagrass landscapes in south-
Western Australia, as in other parts of the world, vary in their spatial heterogeneity, 
including the degree of fragmentation.  Few studies in this region have investigated 
this  fragmentation  and  most  of  those  have  concentrated  only  on  the  change  in 
seagrass areal extent (Cambridge and McComb 1984; Kendrick et al. 1999; Kendrick 
et al. 2000; Kendrick et al. 2002).  These studies have not included physical effects; 
although Sleeman (2003) hypothesised that physical factors may have affected the 
level of fragmentation of seagrass in his study.  Therefore along a gradient of flow 
energy  it  is  likely  that,  together  with  species  change,  the  “appearance”  of  the 
meadow would also alter; for example, from solid to patchy.  Kendrick et al. (2005) 
stated  that  future  studies  must  attempt  to  correlate  changes  in  seagrass  spatial 
arrangement to environmental factors.  As seagrass meadows along this coast tend 
to occur in disturbance-prone landscapes, it is imperative that an understanding of 
the  nature  of  disturbances  and  factors  controlling  the  patterns  within  them  is 
developed so that appropriate long-term management of the ecosystem is possible. 
1.3  Seagrasses, water flow and meadow patterns  
Seagrass  meadows  may  be  exposed  to  a  variety  of  water  flows  including 
tides, currents, wind-generated waves and oceanic swells (Robbins and Bell 1994; 
Fonseca et al. 2002).  Hydrodynamic regimes and associated sedimentary processes 
have a central role in the structure and physical attributes of seagrass beds (den 
Hartog 1971; Fonseca and Fisher 1986; Marbà and Duarte 1994; Fonseca et al. 2002).    19
Rapidly  flowing  water  creates  patchy,  discontinuous  and  dune-like  seagrass 
coverage, whereas gentle flow creates continuous cover with low relief (Patriquin 
1975; Kirkman and Kuo 1990; Fonseca and Bell 1998; Fonseca et al. 2002).  Prevailing 
hydrodynamics is also associated with a suite of morphological traits demonstrated 
by seagrasses, such as increased fibre reinforcement in stems and/or leaves and 
deeper vertical rhizome growth in areas of increased exposure (Carruthers et al. 
2007).  These morphological adaptations result in different distribution patterns of 
seagrass species.  For example, Amphibolis spp. with its wiry stem is well adapted to 
wave-exposed offshore areas (Carruthers et al. 2007), whereas inshore in protected 
waters a mosaic of species may occur with smaller ephemeral species (e.g. Halophila 
spp.) occupying small gaps within the larger meadow or as an understorey species 
(Carruthers et al. 2007).  Thus the distribution of seagrass species coupled with the 
appearance  of  the  meadows  (for  example  solid  or  fragmented)  should  be  an 
indicator of local hydrodynamics.  
1.4  Seagrasses, water flow and sedimentation  
Not  only  do  hydrodynamics  affect  seagrasses,  seagrasses  can  affect  the 
hydrodynamics.  This occurs through the interaction of seagrass canopies with flow 
(den Hartog 1967; Fonseca et al. 1982; Fonseca and Bell 1998; Gacia and Duarte 
2001), intensifying the flow above the canopy (skimming flow) and dampening it 
within the canopy (Gacia et al. 1999; Verduin and Backhaus 2000).  The degree to 
which seagrasses can reduce flow has been identified as a function of current speed, 
wave  frequency,  distance  into  the  meadow,  seagrass  species  (particularly  leaf 
morphology), shoot density, leaf area index (LAI) (i.e. the leaf surface area within the   20
water column), and depth (increasing depth decreases the degree of flow reduction) 
(Fonseca and Cahalan 1992; Gacia et al. 1999; Verduin and Backhaus 2000).  Species 
with flexible, strap-like leaves (for example Posidonia spp.) are the most effective 
flow  modifiers  (Palmer  1988;  Fonseca  and  Cahalan  1992;  Verduin  and  Backhaus 
2000), although studies on Amphibolis spp., which has a distinctively different leaf 
morphology, have also shown a dampening effect (Verduin and Backhaus 2000; van 
Keulen and Borowitzka 2002).   
The majority of studies investigating the modification of hydrodynamics by 
seagrasses have been in the Northern Hemisphere where seagrasses primarily grow 
under the influence of unidirectional flow and wind induced waves.  Under tidal 
conditions Koch and Gust (1999) found that flow speeds, although initially reduced 
at  the  canopy  level,  remained  constant  through  the  canopy  with  the  seagrass 
protecting the sediment from resuspension.  Skimming flow over the canopy, which 
is  present  during  unidirectional  flows  and  decreases  mixing,  was  unable  to  fully 
develop with oscillatory flow due to the flapping of the seagrass leaves (Koch and 
Gust 1999).  Koch and Gust (1999) concluded that the flapping action (also known as 
monami) might result in increased mixing within the canopy.    
In southern Western Australia the predominant flow is oscillatory with orbital 
motion due to the prevailing ocean swells.  The influence this flow has on seagrasses 
is poorly understood, and studies carried out to date suggest that the traditional 
views  of  flow  velocities  and  sedimentation  based  on  unidirectional  flow  are  not 
applicable in these high energy areas (Fonseca and Cahalan 1992; Walker et al. 1996; 
Koch and Gust 1999; Verduin and Backhaus 2000; Paling et al. 2003; van Keulen and   21
Borowitzka 2003).  The morphology of seagrasses is quite diverse in this region with 
two common genera, Posidonia (long strappy leaves) and Amphibolis (leaf clusters at 
the terminal end of a wiry stem) being shown to have quite different effects on 
water flow.  Using an array of electronic thermistor-based current meters van Keulen 
and Borowitzka (2002) quantified these differences in the field.  The species with 
strap-like leaves, P. sinuosa, showed a steady decrease in water velocities through 
the  canopy  to  the  seabed,  whereas  A.  griffithii,  which  has  a  woody  stem  with 
terminal leaf clusters, reduced the flow the most at the height of the leaf cluster 
with an increase in flow below this.  Verduin and Backhaus (2000) found a similar 
flow pattern in an A. antarctica canopy.  
The baffling and increased friction that seagrasses leaves create modifies the 
streamlines  of  the  flow,  effectively  reducing  current  velocity  (Patriquin  1975).  
Bending  of  the  canopy  creates  a  dense  mesh-like  surface  over  and  under  which 
water flow is redirected (Fonseca et al. 1982).  The compaction of the distal portions 
of the shoots increases the baffling effect and so decreases turbulence.  This results 
in a reduction in current velocity and development of a boundary layer over the 
leaves that in turn enhances settlement of sediment and protection of the root-
rhizome complex from scour (Ginsburg and Lowenstam 1958; Fonseca et al. 1982; 
Walker et al. 1996; Gacia et al. 1999).  This may result in subsequent elevation of 
seagrass beds relative to the surrounding substratum (Bernatowicz 1952; den Hartog 
1971) and accumulation of fine sediments (Wanless 1981; Bradley and Stolt 2006).   
As  well  as  promoting  settling,  seagrasses  may  prevent  resuspension  of 
sediment by modifying bottom friction via the swaying motion of the canopy (Gacia   22
et al. 1999; Gacia and Duarte 2001) and growth of dense rhizome mats that bind 
sediment (Ginsburg and Lowenstam 1958; Wanless 1981).  However this effect may 
be dependent on water depth.  Ward et al. (1984) found that water flow attenuation 
by seagrass was reduced and resuspension increased as depth increased.  
The  effect  seagrass  meadows  have  on  preventing  resuspension  under 
oscillatory flow is not clear-cut, and recent studies have provided markedly different 
results.    Gacia  and  Duarte  (2001)  studied  the  balance  between  deposition  and 
resuspension of sediments in a Posidonia oceanica meadow exposed to swell waves 
and found the meadow primarily buffered resuspension of sediment, more so than 
encouraging  deposition.    They  concluded  that  sediment  trapping  in  seagrass 
meadows was a complex interaction between the processes of resuspension and 
sedimentation.  In contrast, Koch and Gust (1999) found that when beds of Thalassia 
testudinum were exposed to oscillatory flow (wind waves) there was an increased 
tendency  for  water  masses  above  and  within  the  meadow  to  mix,  resulting  in 
increased resuspension of sediment.  This led these authors to hypothesise that the 
higher shear stress near the seabed under waves (wind induced) would maintain 
particles in suspension for longer than would be expected under tides.   
However, sedimentation processes within seagrass meadows under orbital 
swell-wave  conditions  continue  to  be  poorly  understood  and  warrant  further 
investigation.  For example van Keulen and Borowitzka (2003) found that under swell 
waves (orbital motion) the pattern of sediment size fractions under a Posidonia spp. 
meadow  was  influenced  by  the  canopy’s  capacity  to  block  flow,  seasonal  and 
ambient water flow conditions and location of the meadow (in terms of exposure).    23
In contrast Walker et al. (1996) found that the presence of A. griffithii had no effect 
on sediment characteristics in a swell-wave dominated environment.  Paling and co-
workers  (2003)  found  that  in  a  high  energy  area,  driven  by  swell-waves,  large 
transplanted  seagrass  units  (0.25  m
2)  did  not  significantly  reduce  sediment 
movement.  Paling et al. (2003) concluded that as local hydrodynamics can override 
the capacity of seagrasses to dampen sediment resuspension there needed to be a 
reappraisal of the view that all seagrasses trap sediment. 
As well as small-scale sediment fluxes, seagrass meadows can be exposed to 
overwhelming levels of sediment input, further complicating the sediment-seagrass 
relationship.  This has been observed in several studies where the consequence of 
large scale sediment migration through seagrass meadows (as sand waves and sand 
ripples) ranged from little or no impact to disastrous for the seagrass (see Kirkman 
1978; Fonseca and Cahalan 1992; Marbà and Duarte 1994; Marbà and Duarte 1995; 
Walker et al. 1996; Paling et al. 2003).   
To  increase  our  understanding  of  these  complex  processes  generated  by 
swell-wave conditions the first step would be to identify the theoretical effects of 
this type of flow (oscillatory) on sediments and then test these against a natural 
gradient of flow in the field.  Without the modification of seagrasses, swell waves 
and sediment can be expected to interact as follows: the sediment particles would 
undergo acceleration and deceleration phases at the bed, caused by the reversals of 
fluid flow (oscillatory flow) (Beer 1997).  Under such a flow pattern the boundary 
layer is significantly reduced compared to unidirectional flow (Allen 1970).  There is 
an  increase  in  the  pressure  gradient  between  the  boundary  layer  and  the  flow,   24
equating to an increase in shear forces at the bed, which would lead to increased 
transport of sediment.   
However, the type of particle transport is dependent on the grain size and 
density,  and  the  fluid  dynamics  they  are  exposed  to.    Bedload  transport  is  an 
intermittent transport, involving only the first few layers of grains, and is slower than 
the mean velocity flow above the surface (Nichols & Biggs, 1985).  Particles that are 
moved by  this type  of transport  are  the  larger,  coarser  grains  such  as  sand  and 
gravel.  Saltation occurs when grains are lifted almost vertically from the bed, then 
suspended and transported momentarily with the fluid before returning to the bed.  
A grain transported within the body of the fluid is referred to as suspended load 
transport which moves at the same rate as the mean velocity of flow above the bed 
(Nichols & Biggs, 1985).  In a tranquil flow, grains may be transported as bedload.  If 
that flow becomes more powerful (for example at the start of rapids) the grains may 
then  be  suspended.    Transport  of  sediment  particles  alternates  between  these 
different mechanisms (Allen, 1970; Hardisty, 1993; Allen, 1997).  Thus entrainment 
occurs when the maximum orbital velocity of the flow exceeds that of the threshold 
of motion required for sediment grains to become suspended (Allen 1997).  Both 
small and large particles require high velocities to initiate motion.  In the case of the 
large particles (for example gravel) this is due to their weight, whereas the smaller 
particles (for example fine silts and clays) are subject to cohesive forces (Allen 1997).  
Once suspended the cohesive particles are more likely to remain suspended than the 
cohesion-less particles.  Therefore distribution of grain-sizes in an oscillatory (swell) 
wave-dominated environment with no vegetation should reflect the flow velocity;   25
that is, coarser sediment at higher flows and finer sediment at lower flows.  However 
the question remains: What influence, if any, does a seagrass canopy have on this 
process  under  these  conditions?  And  is  this  “influence”  altered  by  the  canopies 
continuity and or species present?  Theoretically a deviation or lack of deviation from 
the above pattern would indicate the canopies effect or lack of effect.  
1.5  Seagrass landscapes of south-Western Australia 
Along the Western Australian coast some twenty-five species of seagrasses 
have  been  identified  and  seagrass  meadows  are  estimated  to  occupy  up  to 
20,000 km
2 of the nearshore region (Kirkman and Walker 1989; Kirkman and Kuo 
1996).  Here they grow in coastal bays and open coastline, tolerating varying degrees 
of exposure to oceanic swell and waves from storms and winds.  This variation in 
physical  conditions  is  reflected  in  the  numerous  seagrass  landscape  types  and 
species found here (Kirkman and Kuo 1990).  Tides, which are minimal along the 
south-west coast of Western Australia, play only a small role in seagrass distribution, 
as such they are not considered further in this thesis.   
1.6   Aims 
Knowledge  of  how  seagrass  distributions  and  landscapes  are  affected  by 
exposure to swell waves is limited.  To address this paucity in knowledge this thesis 
examined long-term and seasonal variability occurring in a seagrass landscape along 
a continuum of wave exposure, incorporating both small- and large-scale studies.  
The  North  Sands  Platform  of  Warnbro  Sound,  located  50  km  south  of  Perth  in 
Western Australia, provided an area to study these interactions.  It is an area that   26
has documented significant morphological changes in the coastline through history 
and  is  exposed  to  many  anthropogenic  influences  that  impact  the  marine 
environment.   
Many seagrass landscapes are visible in aerial photographs to depths of 10 m 
or more (Cambridge and McComb 1984; Kendrick et al. 2000; Sleeman 2003).  Aerial 
photography  is  easily  digitised  and  incorporated  within  Geographical  Information 
Systems  (GIS),  providing  excellent  archival  information  for  spatial  and  temporal 
changes in seagrass meadows as a result of either environmental or anthropogenic 
influences (Cambridge and McComb 1984; Clarke and Kirkman 1989; Walker et al. 
1989; Fonseca 1996; Robbins 1997; Kendrick et al. 1999; Kendrick et al. 2000).  The 
marine environment of Warnbro Sound is popular for recreational and commercial 
boaters and fishers, also providing mooring and launching facilities.  Thus the North 
Sands Platform of Warnbro Sound provides an area to study long-term changes (via 
archival aerial photography) to the seagrass landscape as a result of natural and 
anthropogenic influences.   
Long-term changes to the seagrass landscape were investigated over a 49-
year time period using historical aerial photographs and Geographical Information 
System (GIS).  Natural and anthropogenic (boat mooring/propeller scarring) causes 
for the observed changes in the seagrass landscape were quantified and compared 
over this time period.  This included quantifying a large-scale sediment event in the 
North Sands platform captured by historical aerial photography.  The results of this 
study are presented in Chapter 2: Quantifying temporal changes in seagrass meadow   27
areal extent of the North Sands Platform, Warnbro Sound.  The aim of this chapter 
was to use GIS and image processing techniques to answer the following questions:   
1.  What was the areal extent of seagrass meadows on the North Sands platform 
in 2002?   
2.  Has the areal extent changed over the last 49 years? and if so  
3.  What  are  the  main  causes  for  the  change  (identifiable  from  aerial 
photographs) in the seagrass meadow? 
Aerial photographs of the northern part of Warnbro Sound, the North Sands 
Platform,  show  progressive  fragmentation  of  seagrass  meadows  from  inshore  to 
offshore, suggestive of an existing gradient in physical (wave) energy.  As such, the 
area provides an opportunity to study the relationships between seagrass habitat 
attributes, such as continuity (i.e. solid or fragmented meadows), species distribution 
and the level of physical exposure.  In order to investigate this interaction the large-
scale hydrodynamics of Warnbro Sound are described in terms of seasonal forcing by 
wind  and  waves.   A  large-scale  seagrass distribution  map  was  generated for the 
North  Sands  Platform  and  the  interaction  between  specific  flow  properties  and 
seagrass species was investigated.  The results of this study are presented in Chapter 
3:  Large-scale  distribution  and  fragmentation  in  seagrass  meadows  of  the  North 
Sands Platform.  It was hypothesised that:  
1.  At  higher  levels  of  physical  exposure  seagrass  meadows  would  be  more 
fragmented and consist of species such as Amphibolis spp. 
2.  At lower exposure levels the seagrass meadows would be more continuous   28
(solid)  in  appearance  and  consist  of  species  such  as  P.  sinuosa  and 
P. australis. 
For the subsequent chapter two transects were installed, each with six sites.  
The six sites for each transect were selected to represent the increasing patchiness 
of seagrass meadows from inshore to offshore; that is, most inshore site being a 
continual seagrass meadow and the most offshore being bare sand.  These sites 
were chosen from a 2002 orthorectified aerial photograph captured of the platform.  
Seagrass species distribution, canopy densities (using the Braun-Blanquet method), 
flow properties and exposure (measured using a Relative Exposure Index (REI) were 
determined for each site.  The aim was to quantify the small-scale properties of the 
seagrass meadows and relate these properties to physical exposure.  The results of 
this  study  are  presented  in  Chapter  4:  Linking  local-scale  measures  of  physical 
exposure and seagrass canopy properties.  At this small-scale it was hypothesised 
that the level of physical exposure would be reflected in seagrass species distribution 
and canopy density.  That is: 
1.  Higher exposure: lower canopy densities, Amphibolis spp. present  
2.  Lower exposure: higher canopy densities, Posidonia spp. present 
Seasonal  sediment  grain  size  distributions  were  quantified  for  the  sites 
described  above.    Theoretically  the  distribution  of  grain-sizes  in  a  sedimentary 
environment is a reflection of the flow regime.  However seagrasses can modify 
sediment  grain  size  distributions  by  reducing  water  flow.    Sediment  grain  size 
distributions  along  a  gradient  of  wave  exposure  and  the  interaction  between   29
different  seagrass  landscapes  (i.e.  species,  canopy  properties  and  meadow 
continuity) and these sedimentary grain-size profiles were investigated.  The results 
of this study are presented in Chapter 5: Sediment properties along a wave gradient: 
a  small-scale  perspective.    It  was  hypothesised  that  surface  sediment grain  sizes 
would reflect the gradient in wave exposure, with coarser sediments occurring in the 
most wave-exposed sites progressively grading to finer sediments in sheltered areas, 
regardless  of  the  presence  of  seagrass  meadows.    If  such  a  gradient  could  be 
demonstrated, then profiles of sediment grain size would provide an indication of 
longer-term flow velocities than field measurements, which are often restricted in 
time and space.   
Chapter  6  uses  multivariate  analysis  to  analyse  previous  results  and  thus 
expand  the  investigation  to  possible  correlations.    This  chapter  also  provides  a 
summary and critical evaluation of the various component studies of this thesis. 
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2  Quantifying  temporal  changes  in  seagrass  meadow  areal 
extent of the North Sands Platform, Warnbro Sound 
2.1  Introduction 
Seagrass landscapes in Western Australia, as in other parts of the world, are 
in  a  state  of  continuous  flux  temporally  and  spatially  (Clarke  and  Kirkman  1989; 
Kendrick  et  al.  1999).    Variable  disturbance  regimes  affect  seagrass  meadow 
configuration resulting in patterns (Kirkman and Kirkman 2000).  Whilst international 
studies  have  described  areal  increases  in  fast-growing  species  (e.g.  Thalassia 
testudinum,  Zostera  capricorni)  (Robbins  1997;  Rasheed  1999)  the  majority  of 
studies in Australia, particularly of the slow-growing species (e.g. Posidonia spp.) 
have  shown  little  or  at  least  prolonged  periods  (decades)  for  recovery  to  occur 
following disturbance (Cambridge and McComb 1984; Kirkman 1985; Kendrick et al. 
2000;  Meehan  and  Ronald  2000).    Disturbance  can  be  the  result  of  natural  and 
anthropogenic  impacts.    Natural  events  such  as  severe  storms  and  large  scale 
sediment movement can negatively impact seagrass meadows by removing shoots, 
significantly  increasing  water  turbidity  thereby  reducing  light  penetration,  or  by 
smothering the plants (Marbà and Duarte 1995; Preen et al. 1995; Paling et al. 2003).  
For example large-scale build up of sand in seagrass meadows was associated with 
seagrass death in experiments conducted at Alfacs Bay, Spain (Marbà and Duarte 
1994).    Negative  human  pressures  include  boating,  industry  and  high  levels  of 
nutrient inputs (Cambridge and McComb 1984; Walker et al. 1989; Hastings et al. 
1995;  Milazzo  et  al.  2004).    World-wide  losses  of  seagrass  associated  with  boat   31
anchoring and mooring practices have been quantified (Hastings et al. 1995; Creed 
and Amado 1999; Francour et al. 1999).   
Seagrasses grow on large areas of subtidal seabed (20,000 km
2) along the 
south-Western  Australian  coast,  forming  distinct  landscapes  visible  on  aerial 
photographs  (Kirkman  and  Walker  1989;  Kirkman  and  Kuo  1996;  Kendrick  et  al. 
1999).    Researchers  in  Australia  and  worldwide  have  used  aerial  photographs 
incorporated  into  Geographical  Information  Systems  (GIS)  to  study  seagrass 
landscapes.  Applications have included quantifying changes in seagrass landscape 
configuration,  spatial  distribution  and  monitoring  losses  or  changes  in  meadow 
structure  and  extent  as  a  result  of  anthropogenic  and  natural  influences  (e.g. 
(Robbins  1997;  Pasqualini  et  al.  1998;  Kendrick  et  al.  2000;  Meehan  and  Ronald 
2000; Frederiksen et al. 2004a).  Using aerial photography this study documents the 
change  in  seagrass  areal  extent  between  1953  and  2002  of  the  North  Sands 
platform,  a  section  of  Warnbro  Sound.    Increases  in  size  of  a  sand  bar  and 
mooring/propeller scarring are also quantified.  
Warnbro Sound is a coastal basin on the south-Western Australian coastline 
which  has  large  meadows  of  seagrasses  colonising  its  shallow  sandy  platforms.  
Historically Warnbro Sound has had a dynamic coastline with cycles of sand build up 
and scouring, altering the shape of its shoreline (Chape 1984).  Urban development 
of this coastal region has increased over the past five decades, as has the use of the 
bays/nearshore areas by commercial fishermen and general public for recreational 
purposes.  However apart from a study by Walker and co-workers (1989) on seagrass   32
loss due to boat moorings in Warnbro Sound, changes to the total areal extent of 
seagrass meadows have not been quantified.   
Over 170 years ago this coastline underwent significant changes to its profile 
and again in relatively recent times (decades) there has been a significant deposition 
of sand resulting in the formation of a new piece of land adjoining the mainland.  The 
dynamic nature of this coastline, with its changing profile, makes it likely that the 
areal  extent  of  the  seagrass  meadows  of  the  North  Sands  platform  have  also 
undergone significant changes.  A cursory review of historical aerial photographs 
shows  a  broad-scale  change  in  the  seagrass  meadows  continuity  due  to  the 
deposition of sand and subsequent formation of Tern Island.   
The aim of this chapter was to use GIS and image processing techniques to 
answer the following questions:   
1.  What was the areal extent of seagrass meadows on the North Sands platform 
in 2002?   
2.  Has the areal extent changed over the last 49 years? and if so  
3.  What  are  the  main  causes  for  the  change  (identifiable  from  aerial 
photographs) in the seagrass meadow?  
Traditional  methods  for  delineating  seagrass  from  an  aerial  photograph 
include  visual  interpretation  and  drawing  polygons  around  the  perimeter  of  the 
seagrass meadows.  This creates a solid coverage that may include other bottom 
types within the meadow, such as sand.  The seagrass meadows on the North Sands 
platform are in parts highly fragmented with numerous small sand patches.  For this   33
study the aim was to have the seagrass landscape of the output image resemble as 
closely as possible the original aerial photograph, so as to identify areas changing 
from seagrass coverage to sand and vice-versa.  To achieve this aim an alternative 
image  process  based  methodology  was  used  which  involved  creating  signatures 
(statistical characterizations) for pixels that represented chosen classes (e.g. seagrass 
or sand) thus allowing them to be separated in the output image.  The output images 
were then analysed based on these classes.  For the purpose of this study it was not 
necessary to identify the different genera of seagrasses. 
2.2   Methods 
2.2.1  Study site 
Warnbro  Sound  is  located  between  32.30°S  and  32.37°S,  approximately 
50 km  south  of  Perth  in  south-Western  Australia  (Figure  2.1).    This  coastline  is 
complex with a reef-island chain offshore (1 to 10 km), two large sandy platforms 
(North  Sands  platform,  South  Sands  platform)  in  the  north  and  south  of  the 
embayment, a deep central basin (15 to 20 m) and a tombolo to Penguin Island in 
the north (Searle and Semeniuk 1985).  The main physical forcings of Warnbro Sound 
are oceanic swell waves and seasonal wind waves; only minimal influence is exerted 
by small diurnal tides (0.5 m).  Orbital swell waves approach from the south-west in 
summer and from the west in winter.  Summer winds are predominantly from the 
west to south-west and generated by differential heating of the landmass to sea.  
This drives the wind from offshore in the morning to onshore in the afternoon (sea 
breeze).    Winds  in  winter  are  typified  by  periods  of  gales  and  calms.    However 
Warnbro Sound is afforded protection from these physical forces by the offshore   34
reefs and islands that reduce the energy from oceanic swell by up to 90 %, as well as 
limit  fetch  length  and hence  wind  wave  development  (Chape  1984;  Searle  et  al. 
1988; Pattiaratchi et al. 1995; Hollings 2004). 
 
Figure 2.1:  Location of Warnbro Sound and offshore ridge systems.  Adapted from 
Searle and Semeniuk (1985).  
Warnbro Sound has a dynamic coastline along which significant changes have 
occurred in the past 170 years.  In 1837 the Surveyor General John Septimus Roe 
(Roe 1846) identified a small, deep cove in the northern part of Warnbro Sound and 
called it Peel Harbour (Figure 2.2).  The cove was intended to become a safe shipping 
harbour; however in the ensuing nine years sediment input into the area was so 
great  that  it  was  impossible  to  maintain  the  harbour  opening.    Over  time  Peel 
Harbour became landlocked and reclaimed for housing.     35
 
Figure 2.2:  1837 Surveys of Warnbro Sound (upper image) and inset of Peel Harbour 
enlarged (lower image) by the Surveyor General J. S. Roe.  Adapted from 
Hollings (2004).  
 
During the last 50 years another large scale sedimentation event occurred 
just  east  of  the  Peel  Harbour  site.    A  sand  bar  initially  some  distance  offshore   36
increased in size to such a degree that presently it adjoins the beach and has become 
vegetated.  The “new” land is now referred to as Tern Island (Figure 2.3). 
 
Figure 2.3:   Study  area  used  for the  image  processing  work  on  the North  Sands 
Platform, Warnbro Sound, shown on a 2002 aerial photograph.  
 
2.2.2  Data gathering 
Change in seagrass areal extent was documented from aerial photographs 
taken in 1953, 1963, 1989, 1995 and 2002.  Photographs were scanned and supplied 
in digital format as black and white or colour images from DOLA (Department of Land 
Administration)  and  DAL  Science  and  Engineering  Pty  Ltd  (see  Appendix  1  for 
photographic details).  Photographs were selected to minimise effects of sun glint 
and  poor  water  clarity,  and  to  give  greatest  possible  offshore  coverage.    Of  the   37
suitable photographs identified, the photograph with the smallest coverage dictated 
the areal extent of the study area.  The study area, comprising about 530 ha, was in 
the northern part of Warnbro Sound on the sandy sill known as the North Sands 
platform (Figure 2.3).   
Water  depth  over  the  study  area  was  2-5  m  with  a  maximum  depth  of 
approximately 10 m offshore over bare sand.  Seagrass meadows grew at an average 
depth of  3.5  m; thus  the  images  were not  radiometrically  corrected as  all  three 
wavebands (blue, red and green) are present up to 5 m depth (Green et al. 2000).  All 
images were rectified against a 2002 orthorectified colour photograph (pixel size 0.37 
m x 0.37 m) using ER Mapper v 6.3 (Earth Resource Mapping).  A minimum of 15 
ground control points (GCPs) were used for each image.  Where possible the same 
GCPs were used for all images, however due to the long time frame and subsequent 
coastal development between the first (1953) and last image (2002) some new points 
had  to  be  created  during  processing.    Offshore  GCPs  were  the  most  difficult  to 
generate but remained the most constant for all images.  During this process Root 
Mean  Square  error  (RMS)  for  all  images  was  kept  below  1  pixel.    Once  rectified, 
resolution  was  set  to  0.5  m.    Rectified  images  were  imported  into  the  Image 
Processing/GIS package IDRISI Kilimanjaro (Clark Labs, Clark University, USA) where the 
data were analysed.  Temporal change in seagrass areal extent was quantified for the 
49 years.  The natural and anthropogenic impacts on seagrass areal extent, identifiable 
in the photographs, were also quantified.  These included the development of a large 
sand bar that eventually adjoined the mainland during the 49-year sampling period 
and the impact of increased boating activity, specifically mooring and propeller scars.    38
2.2.3  Data development 
To  address  the  aims  of  this  chapter  there  were  three  stages  of  data 
development.  The first was to quantify seagrass areal extent for the most recent 
photo and compare this to the historical photos in order to identify any trends.  The 
second and third stages were undertaken to separate natural from anthropogenic 
changes  in  seagrass  distribution  and  compare  these  over  the  49  years.    It  is 
acknowledged the resolution of aerial photographs used in this study were unlikely 
to  detect  subtle  changes  in  pixel  characteristics  generated  by  small  ephemeral 
seagrasses  such  as  Halophila  spp.    It  was  most  likely  only  the  larger  long-lived 
seagrasses  such  as  Posidonia  and  Amphibolis  spp.  were  detected  by  this 
methodology.  
IDRISI Kilimanjaro is predominantly a raster-based program subsequently the 
majority of analytical procedures available is for raster data.  Raster systems are 
more  powerful  than  vector  systems  in  analysing  data  from  continuous  space 
(Eastman 2003).  The continuous nature of the seagrass landscape on the North 
Sands  platform  therefore  made  it  ideally  suited  to  analyse  using  raster  systems.  
Although it is recognised that some error is introduced when converting data from 
vector to raster it was decided that the advantages outweighed the disadvantages. 
2.2.3.1  Seagrass areal extent 
A polygon mask was created and applied to all the images so only the area of 
interest was subjected to further analysis.  Pixel-based signatures were developed to 
separate seagrass pixels from sand, terrestrial and other (of unknown origin, but   39
most likely limestone reef) in the images.  This process was repeated for each aerial 
photograph as their varying quality prevented the same pixel signatures being used 
for all.  Supervised classification using maximum likelihood probability rule was then 
run to reclassify the aerial photographs into raster images of the different qualitative 
classes.  
2.2.3.2  Sand bar development 
Over the study period large-scale sediment movement was observed in the 
southern portion of the study area.  This was further investigated to determine the 
extent of this development and its relationship to changes in seagrass cover.  Sand 
bar  extent  for  all  years  was  digitised  from  the  rectified  aerial  photographs  into 
polygons then converted to raster files for further analysis.  
2.2.3.3  Mooring/propeller scars 
Mooring/propeller scars were digitised into polygons from the rectified aerial 
photographs  and  compared for 1953,  1989  and  2002.    These polygon  files  were 
converted to a raster format for further analysis.  For the purpose of this study 
mooring scars were defined as rounded, regularly-edged patches of sand located 
within  close  proximity  to  the  shoreline  and/or  boats  within  a  seagrass  meadow.  
Propeller scarring around a jetty was also included.  
2.2.4  Data analysis 
In order to address the different aims there were again three aspects to this 
stage of the methodology.  Although quantification of seagrass areal extent, natural   40
and  anthropogenic  losses  were  conducted  separately,  the  procedures  for  the 
analyses were the same.   
The  areal  extents  (in  hectares)  of  the  seagrass,  sand  bar  and 
mooring/propeller scars, were calculated using the database query module.  As the 
number of  years  between photographs  varied direct  comparisons between  them 
were not possible.  To address this, three steps were taken.  First the areal extents of 
the 2002 seagrass, sand bar and mooring/propeller scars were determined directly 
from the raster images, giving an observed areal extent for each of these.  It was 
then possible to calculate the annual rate of change by dividing the observed area 
totals by the total number of years (49) of the study time frame.  The third step was 
to calculate the expected rate of change of the periods between photographs by 
multiplying the annual rate of change by the number of years between photographs.  
It is acknowledged that the underlying assumption of this work was a simple linear 
change model, however given the lack of available information this was deemed 
acceptable.  Area calculations were undertaken for the seagrass extent and sand bar 
development for the following years: 1953 to 1963; 1963 to 1989; 1989 to 1995; and 
1995 to 2002, and for the mooring/propeller scars: 1953 to 1989; and 1989 to 2002.  
The graphing software SigmaPlot v8 was used to plot these results.   
The classes created using supervised classification and the raster images of 
the sand bar and mooring/propeller scars were compared across years using cross-
classification  and  cross-tabulation  modules.    This  cross-classification  procedure 
allows the user to determine if pixels remain in the same class between images or 
are allocated to different ones, indicating change.  Output statistics include a Chi   41
Square statistic, degrees of freedom, Cramer’s V, and Kappa Index of Agreement 
(KIA) (Eastman 2003) (Appendix 1).  Cramer’s V measures the strength of association 
between two variables; values range from 0 (no association) to 1 (good association).  
KIA gives a measure of association between two images, with values ranging from -1 
(completely  different)  to  +1  (completely  the  same);  however  if  the  change  has 
occurred by chance the value is 0 (Eastman 2003).  
Cross-classification was used to compare the seagrass and sand bar images 
for the following years: 1953 to 1963; 1963 to 1989; 1989 to 1995; and 1995 to 2002 
and the mooring/propeller scars for: 1953 to 1989; and 1989 to 2002.  The cross-
classification image of 1989 to 1995 was further classified into a change and no 
change image. 
The perimeter, in metres, of the mooring/propeller scars from the 1953, 1989 
and 2002 raster images were measured using the database query module.  These 
were then grouped into 50 m classes: 1 to 50 m, 51 to 100 m, 101 to 150 m and so 
on.  This allowed a comparison between the images of the patch size statistics.   
2.2.5  Accuracy assessment 
Accuracy of signature development and subsequent supervised classification 
was  only  possible  for  the  most  recent  aerial  photograph  (2002).    Two  hundred 
stratified random samples, incorporating the four classes (seagrass, sand, terrestrial 
and other), were created using the SAMPLE module.  The point vector file generated 
by  this  module  provided  Global  Positioning  System  (GPS)  coordinates  that  were 
visited in the field.  Of the eight “other” sample points generated only six were   42
assessed in the field as the remaining two locations were too dangerous to visit by 
boat.  These two remaining GPS positions were shown to be reef when compared to 
a nautical map of the area.  An error matrix, for the categorical map data, was used 
to determine errors of commission and omission, using the ERRMAT module.  Errors 
of commission are those errors evident in the output image i.e. when pixels are miss-
classified, and errors of omission are errors found in the field i.e. when a location is 
found to be different to what is predicted (Eastman 2003). 
The overall error was calculated to be 0.1890; that is this method was 81 % 
accurate.    The  errors  for  the  seagrass  class  were  calculated  to  be  0.2017 
(commission) and 0.1038 (omission) ± 0.0535 (95 % confidence interval) (Table 2.1).  
The  overall  KIA  was  0.6630,  whilst  for  the  seagrass  class  alone  the  KIA  ranged 
between  0.7350  and  0.7419.    It  is  likely  the  accuracy  for  the  seagrass  class  and 
overall would have improved had differential GPS been used for ground truthing 
rather than hand held GPS.   
 
Table 2.1:  Accuracy assessment for the 2002 classified image, showing the errors of 
omission (Error O) and errors of commission (Error C) . 
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2.3  Results 
2.3.1  Seagrass areal extent 
In 2002 there were 200 ha (± 31 ha) of seagrass on the North Sands Platform 
(Figure 2.4).  Seagrass coverage decreased by 42 - 104 ha (25 - 47 %) over the 49 
years, from 1953 (273 ha) to 2002, amounting to an average annual loss of 1.5 ha.  
However the rate of loss was not constant: between 1963 and 1989 there was a 
measured gain in seagrass area (2 ha) compared to the 39 ha loss predicted by the 
cross-classification  calculations  (Figure  2.5).    From  1989  onwards  there  was  a 
consistent trend of seagrass loss, with 42 ha lost between 1989 and 1995, almost five 
times  the  predicted  rate  (Figures  2.5  and  2.6).    Only  3.2  ha  of  this  loss  were 
attributable  to  sand  bar  expansion  during  this  time  and  less  than  0.5  ha  to 
mooring/propeller  scars  (Figures  2.7  and  2.10).    Between  1995  and  2002  the 
observed rate of seagrass loss was twice the predicted annual rate: 24 ha versus 10.5 
ha (Figure 2.5).  All crosstabulation images indicated there was a consistent loss of 
seagrass,  resulting  from  further  fragmentation  of  the  seagrass  meadows  to  the 
south-east and south-west of the sand bar and in the north-north-east nearshore 
area of the study area (for example Figure 2.6).   
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Figure 2.4:  MAXLIKE image showing the areal extent of seagrass, sand, terrestrial 
and other in the study area.   
 
 
 
Figure  2.5:    The  change  in  seagrass  area  (ha)  for  the  periods  between  aerial 
photographs showing the observed change (black bar) and expected change 
(grey bar) with loss as negative values and gain as positive values.   
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Figure 2.6:  Crosstabulation image of 1989 and 1995 converted to a change and no 
change image.  Note red indicates where seagrass was lost during the six 
years between 1989 and 1995.  The inset is Figure 2.3 in grey-scale showing 
image location.  
2.3.2  Sand bar development 
The sand bar increased in size from 27 ha in 1953 to 89 ha in 2002.  The 
average annual rate of increase was 1.1 ha per year.  The observed rate of growth of 
the sand bar was less than expected up until the period between 1995 and 2002 
when  there  was  almost  four  times  an  increase  in  observed  growth  (27.9  ha) 
compared  to  expected  (7.4  ha)  (Figure  2.7).    The  high  values  for  the  KIA  and 
Cramer’s  V  between  those  images  (0.7377  and  0.7600  respectively)  (Table  2.2), 
indicate they are very similar, suggesting an increase in size along the perimeter of 
the pre-existing sand bar.  This increase, almost doubling its width, can be seen in 
the crosstabulation image created for the two years (Figure 2.8).  Over the study   46
period  the  sand  bar  consistently  developed  in  a  north-east/south-west  direction 
(Figure 2.9).   
Table 2.2:  The Kappa Index of Agreement (normal font) and Cramer’s V (italicised) 
for the sand bar crosstabulations. 
 
 
 
 
Figure 2.7:  The areal increase (ha) in the sand bar for the different periods between 
aerial photographs, showing the observed increase (black bar) and expected 
increase (grey bar).  
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Figure 2.8:  Crosstabulation image comparing the sand bar polygons of 1995 and 
2002.   
 
 
Figure 2.9:  The digitised sand bar polygons showing the observed size and direction 
of growth for 1953, 1963, 1989, 1995 and 2002.  The background image is the 
2002 aerial photograph in grey-scale.  Inset is Figure 2.3 in grey-scale showing 
location of the image.    48
2.3.3  Mooring/propeller scars 
There was a 1.5 ha observed loss of seagrass due to mooring and propeller 
scars between 1953 and 2002 with an average annual rate of loss of 0.03 ha yr
-1.  The 
greatest increase in scarring was measured between 1953 and 1989 (1.34 ha) slightly 
more than the expected value (1.1 ha) (Figure 2.10).  Some of the existing mooring 
scars (0.06 ha) were smothered between 1989 and 2002 as the sand bar increased in 
size northwards (square inset of Figure 2.11).  However at the same time mooring 
scars to the east of the sand bar became more numerous, increasing from 0.06 ha in 
1989 to 0.4 ha in 2002 (Figure 2.11).  To the west, by 2002, there was indication of 
some recovery of inshore seagrasses whilst offshore there were losses. 
 
Figure  2.10:    Increase  in  area  (ha)  of  the  mooring/propeller  scars,  showing  the 
observed (black bar) and expected (grey bar) rate.  
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Figure 2.11:  Crosstabulation image showing the changes in mooring/propeller scars 
between 1989 and 2002 superimposed on the 1989 shoreline.  The black 
square  inset  indicates  mooring  scars  that  were  present  in  1989  but 
smothered by the sand bar in 2002.  The grey-scale inset image (2002) shows 
the locations of the mooring/propeller scars.  
 
In 1953 there were eight mooring/propeller scars with a mean perimeter 
size of 71.25 m (± 8.06 m) (Table 2.3).  By 2002 there were almost seven times as 
many scars (53) and the mean perimeter size had increased to 98.13 m (± 32.20 m) 
(Table 2.3).  For all three images the most common perimeter size class was the 51 
to 100 m (Table 2.3).  From 1989 onwards scars with perimeters larger than 350 m 
started to occur, the biggest 501 to 550 m in 2002 (Table 2.3).   
Once the increase in the sand bar and mooring/propeller scars are taken into 
account there was a further 24 - 28 ha of seagrass which had been lost from other 
areas  of  the  larger  seagrass  meadow.    These  appeared  to  be  mainly  from  the 
southern  half  of  the  study  site,  where  the  seagrass  meadows  were  already 
fragmented, and to the east of the Tern Island sand bar (for example see Figure 2.6).   50
Table 2.3:  The perimeter size classes of the mooring/propeller scars from 1953, 
1989 and 2002.  
 
 
2.4  Discussion 
The coastline of the North Sands Platform has been shown to be dynamic 
with large-scale changes occurring both historically and recently, in particular the 
development of a new extension of the mainland, Tern Island.  As a consequence it is 
probable the seagrass meadows of the North Sands Platform would also show some 
flux  temporally  and  spatially.    The  capture  of  historical  aerial  photographs  has 
allowed  this  theory  to  be  investigated  and  changes  in  seagrass  areal  extent 
quantified and grouped into natural and anthropogenic causes.   
In 2002 there remained 200 ha (± 31 ha) of seagrass on the North Sands 
platform.    However  there  has  been  an  overall  observed  loss  of  42  -  104  ha  of   51
seagrass over the last 49 years equating to a loss of 25 - 47 % of the total seagrass 
meadow  present  in  1953.    Large  losses  have  been  reported  in  other  Western 
Australian studies (Cambridge and McComb 1984; Cambridge et al. 1986; Walker et 
al. 1989; Kirkman and Kuo 1990; Kendrick et al. 2002), although a temporal study by 
Kendrick et al. (2000) showed some localised increases in seagrass cover.  Seagrasses 
losses have been documented worldwide from a range of anthropogenic and natural 
causes (Patriquin 1975; Orth 1976; Frederiksen et al. 2004a).  For this study natural 
causes accounted for most of the seagrass loss, particularly the growth of the sand 
bar, with a small loss resulting from mooring/propeller scarring.   
The enlargement of the sand bar and subsequent development of Tern Island 
accounts for 52 ha or 66 % of the observed seagrass loss.  Numerous studies have 
noted  movement  of  sand  through  seagrass  meadows  as  a  natural  occurrence, 
sometimes with minimal detrimental effects (Marbà and Duarte 1995; Walker et al. 
1996;  Bridgwood  2002;  van  Keulen  and  Borowitzka  2002;  Paling  et  al.  2003).  
However  in  this  study,  rather  than  movement  through  the  meadows  there  was 
continual  deposition  of  sediment,  leading  to  the  progressive  smothering  of  the 
seagrass.    Notably  there  was  no  significant  re-colonisation  of  the  sand  bar  by 
seagrass over time.  However, as previously acknowledged, this can only be said of 
the larger long-lived seagrasses not the smaller ephemeral species which due to the 
resolution of the photographs used were unlikely to be detected.  The build-up of 
this sand bar has been described in other studies (see (Pitchen 1993; Hollings 2004), 
however the source of the sand has never been conclusively identified.  Hollings 
(2004) suggested the initiation of the sand bar may have resulted from a pulse of   52
sediment through the offshore ridge system and its maintenance by redistribution of 
sand by refracted swell waves from a bank further south in Warnbro Sound.  He 
suggested the increase in the sand bar was occurring only along the western flank.  
The digitised sand bar polygons for this study, agree with this proposed increase 
along  the  nearshore  western  flank.    However  there  has  also  been  an  extensive 
increase in shoaling area along the eastern flank, up to 1 km in length, doubling the 
width of that section of the sand bar over a seven year period (i.e. 1995 to 2002: 
Figure 2.8).  As the longitudinal expansion of this sand bar, from the south-west to 
the north-west, corresponds to the direction of the prevailing swell, it is highly likely 
that the swell is the driving force behind its continued development.   
The  large  scale  sedimentation  quantified  in  this  study  is  not  a  unique 
occurrence for Warnbro Sound as evidenced by the large scale sediment build-up 
described by the Surveyor General J. S. Roe in 1839.  It is possible the initial triggers 
of  these  gross  changes  in  sediment  bodies  within  Warnbro  Sound  are  extreme 
events (i.e. one in one hundred year storms) whilst their maintenance are driven by 
the  consistent  prevailing  swell.    Further  studies  investigating  this  sand  bar 
development would benefit from the inclusion of weather hind casting, particularly 
the regularity and severity of storm events.   
In contrast to natural losses, anthropogenic losses due to moorings/propeller 
scarring were relatively small at 1.7 ha (2.2 %).  Previous studies in Western Australia 
have shown similar magnitudes of seagrass loss due to moorings (Walker et al. 1989; 
Hastings et al. 1995)  Although this loss to date appears small there was a seven-fold 
increase in the number of mooring scars from 1953 to 2002 and an increase in the   53
mean perimeter size (+ 27 m).  These results suggest losses from this cause are 
increasing.  From this present study it was not possible to determine the reason for 
the increase in perimeter size however possible causes could be the presence of 
larger boats and subsequent larger and heavier anchoring devices or the increased 
vulnerability of the exposed seagrass edges to further erosion (Walker et al. 1989; 
Hastings et al. 1995).  It is also worth noting that boating facilities in the study area 
are currently being improved, including the building of a new boat launching ramp 
and proposed increased parking facilities for cars and boat trailers.  It is likely that in 
the future these developments will have a negative impact on seagrasses in the 
nearshore area. 
After accounting for losses caused by the sand bar development and boating 
impacts  there  was  still  a  further  24  -  28  ha  of  seagrass  loss  remaining,  a  small 
amount of which occurred in the north east of the study site in close proximity to an 
existing  boating  facility  and  small  sand  bar.    Greater  losses  appear  to  be  in  the 
southern half of the study site where the seagrass meadows were already highly 
fragmented, suggesting they are prone to disturbance mechanisms.  The offshore 
area of the study site is exposed to complex hydrodynamic flows with refracting and 
diffracting wave trains interacting.  This may result in increased disturbance of the 
substratum negatively impacting the seagrass meadows, especially as a consequence 
of severe weather patterns.  The interaction between the hydrodynamic flows and 
the seagrass landscapes of the North Sand platform are investigated in Chapter 3. 
This study confirmed the usefulness of digital image processing and GIS as an 
analytical tool for detecting temporal and spatial changes in the shallow seagrass   54
meadows of the North Sands platform.  The methodologies used in this study are 
applicable for other locations where seagrass meadows are in shallow but relatively 
clear waters and show that in-expensive photographic images captured for other 
purposes  may  be  used  for  these  types  of  studies.    The  image  processing  tools 
generated images portraying the seagrass landscape as closely to the original aerial 
photographs  as  possible.    This  allowed  the  fine-scale  details  of  the  seagrass 
landscape  to  be  preserved  and  thus  compared  through  the  study’s  time  frame 
(49 years).    As  with  other  worldwide  studies  it  would  appear  that  the  seagrass 
meadows of Warnbro Sound are also undergoing losses.  Here the losses appear 
largely due to natural events (smothering by large sediment accumulation) with only 
a minimal contribution attributable to boat moorings and propeller scars, however 
this is increasing and requires future monitoring.  
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3  Species  distribution  and  fragmentation  in  seagrass 
meadows of the North Sands Platform 
3.1  Introduction 
Seagrass meadows form a range of spatial patterns from solid through to 
highly fragmented.  These patterns have been attributed to physical parameters such 
as  waves,  currents,  tides  and  effects  of  wind  (den  Hartog  1971;  Patriquin  1975; 
Fonseca  et  al.  1983;  Fonseca  and  Bell  1998;  Frederiksen  et  al.  2004b).    Spatial 
configuration of seagrass meadows has been shown to have a direct relationship to 
the physical setting; for example, as wave exposure and tidal current speeds increase 
percent cover of seagrasses, seagrass bed perimeter to area ratio and bed continuity 
decrease (Fonseca et al. 1983; Fonseca and Bell 1998).   
Seagrass meadows in south-Western Australia, as in other parts of the world, 
vary in their spatial continuity, including the degree of fragmentation.  Few local 
studies have investigated fragmentation of seagrass meadows and of those most 
have concentrated only on changes in areal extent.  Spatial variations in seagrass 
fragmentation have been investigated in Owen Anchorage and adjacent Cockburn 
Sound (Kendrick et al. 1999; Kendrick et al. 2000; Kendrick et al. 2002; Sleeman 
2003).  These studies did not include measures of disturbance, although Sleeman 
(2003)  hypothesised  that  physical  factors  may  have  affected  the  level  of 
fragmentation of the seagrass in his study.    56
Seagrasses along the south-Western Australian coast grow in coastal bays 
and open coastline, tolerating exposure to oceanic swell and waves from storms and 
winds.    For  this  reason  seagrasses  in  this  region  have  developed  a  range  of 
morphological adaptations that enable them to vegetate areas exposed to a wide 
range of flow conditions (Cambridge 1999).  For example, Amphibolis spp., with their 
woody  stems,  terminal  leaf  clusters  and  tough  rhizomes,  tolerate  habitats  with 
intermediate to high exposure levels where rapid changes in sediment height can 
occur (Cambridge 1975; Clarke and Kirkman 1989; Cambridge 1999) (Figure 3.1 A 
and B).  Posidonia australis tends to occur in areas with some protection from direct 
oceanic swell and some sediment movement (Cambridge and Kuo 1982) (Figure 3.2 
A and B).  Due to its dense growth habit and relatively tall canopy, Posidonia sinuosa 
dominates in more sheltered areas where changes in sediment height are minimal 
(Cambridge and Kuo 1982; Kirkman 1985; Cambridge 1999) (Figure 3.2 A and B).  
Species  capable  of  rapid  lateral  expansion  such  as  Syringodium  isoetifolium  and 
Halophila spp. exploit gaps in meadows of larger species created by intermittent 
disturbances such as storm events or sand-wave migration. (Cambridge 1999).   
Oceanic  swell  and  wind-induced  waves  are  the  main  physical  forces 
impacting  the  Perth  coastline.    This  west-facing  coast  is  directly  exposed  to  the 
incoming  westerly  swell,  however  there  is  some  attenuation  of  this  swell  wave 
energy  by  an  intermittent  alongshore  reef-island  chain  (Searle  1984).    Strong 
seasonal wind regimes coupled with virtually unlimited fetch create wind waves in 
the inshore, which have been shown to play a major role in littoral drift (Masselink 
and  Pattiaratchi  2001b).    In  contrast  tides  play  only  a  minor  role  in  nearshore   57
processes,  and  hence  seagrass  distribution  and  meadow  continuity,  as  their 
amplitude is small (0.5 m) (Hodgkin and Di Lollo 1958).   
 
Figure  3.1:    Diagrams  of  the  growth  habits  of  (A)  Amphibolis  griffithii  and  (B) 
Amphibolis antarctica.  (Source: Phillips and Meñez, 1988). 
 
Seagrasses grow on the North Sands platform of Warnbro Sound, in south-
Western  Australia.    Aerial  photographs  show  progressive  fragmentation  of  these 
seagrass meadows from inshore to offshore, suggestive of an existing gradient in 
physical (wave) energy.  As such, Warnbro Sound provides an opportunity to study   58
the relationships between seagrass habitat attributes, such as continuity (i.e. solid or 
fragmented meadows), species distribution and the level of physical exposure.   
 
 
Figure 3.2:  Diagram of the growth habits of (A) Posidonia australis and (B) Posidonia 
sinuosa.  (Source: Phillips and Meñez, 1988). 
 
3.2   Methods 
Different properties of flow dynamics are described for Warnbro Sound as a 
whole  and  then  analysed  for  the  study  area;  that  is,  the  North  Sands  Platform.  
Relationships  between  selected  modelled  wave  parameters  and  seagrass  species 
distribution were investigated.     59
3.2.1  Coastal setting 
Swell waves originate in the Indian Ocean between latitudes 40° S and 55° S.  
In summer the swell arrives from the south-west and in winter, when the wave 
energy  is  at  its highest,  from  the  west  (Searle and  Semeniuk  1985;  Hegge  et  al. 
1996).  Seasonal offshore wave conditions have been characterised as being low 
period seas (T = 7.6 s) with mean significant wave heights of 1.8 m in summer and 
high period swells (T = 9.7 s) with mean significant wave heights of 2.8 m in winter 
(Lemm  and  Masselink  1999;  Masselink  and  Pattiaratchi  2001b).    There  is  also  a 
background swell, of around 0.5 m, present all year (Lemm and Masselink 1999).   
Inshore wave conditions have a mean period and significant wave height of 
10.1 s and 0.9 m respectively (Masselink and Pattiaratchi 2001b) but these can be 
significantly affected by seasonal wind patterns.  During a winter storm short period 
waves  are  superimposed  on  the  background  swell  decreasing  the  period  and 
increasing  the  wave  height  (Masselink  and  Pattiaratchi  2001b).    However  as  the 
storm develops both period and wind wave height increase and there is a southward 
littoral drift (Masselink and Pattiaratchi 2001b).  The afternoon sea breeze can have 
a  significant  effect  on  the  inshore  wave  climate  by  decreasing  wave  period  and 
increasing  wave  height,  especially  in  areas  protected  from  prevailing  swells 
(Pattiaratchi  et  al.  1997;  Masselink  and  Pattiaratchi  1998).    Masselink  and 
Pattiaratchi  (1998)  found  that  longshore  sediment  transport  was  significantly 
increased  during  a  summer  sea  breeze  resembling  mini  storm-like  conditions: 
eroding beaches in the afternoon and depositing sand during the remainder of the 
day.    60
The wind regime of south-Western Australia is controlled by the migration of 
an anticyclonic belt from 30° S in winter to 40° S in summer.  In autumn/winter 
winds are from variable directions and apart from those associated with storms are 
usually lighter than those of summer.  Winter is typified by periods of calm weather 
interspersed with severe storms (two - four per winter) with mean wind speeds of 
20 m  s
-1 (Searle  1984;  Searle  and  Semeniuk  1985;  Silvester  1987;  Masselink  and 
Pattiaratchi 2001b).  Gale force winds associated with storms arrive from the north 
shifting to westerly and south-westerly (Silvester 1987; Lemm and Masselink 1999).  
In summer winds are predominantly from the west to south-west (Steedman and 
Craig 1983; Masselink and Pattiaratchi 2001b; Masselink and Pattiaratchi 2001a).  
Differential  heating  of  the  landmass  drives  air  circulation  from  offshore  in  the 
morning (easterly) to onshore in the afternoon (south-westerly; i.e. obliquely to the 
shore)  (Steedman  and  Craig  1983;  Masselink  and  Pattiaratchi  2001a).    This  sea 
breeze occurs 200-250 times per year with mean velocities of 5.7 m s
-1 but often 
exceeding 10 m s
-1 resulting in it being one of the most energetic sea breezes in the 
world (Searle and Semeniuk 1985; Masselink and Pattiaratchi 2001a).   
Off  the  south-Western  Australian  coastline  is  a  series  of  bathymetrically 
complex features including reef-island systems and offshore ridges (continuous and 
discontinuous),  whilst  in  the  nearshore  there  are  sand  flats,  promontories  and 
tombolos (Searle and Semeniuk 1985).  An aeolianite limestone reef system, laid 
down during the Pleistocene runs for 700 km between 33° S and 28° S.  This reef 
system affords the nearshore region some protection by causing the oceanic swell to 
lose energy through a combination of refraction and dissipation and limiting the   61
fetch length for wind wave development (Chape 1984; Searle 1984; Pattiaratchi et al. 
1995; Hollings 2004).  The mainly diurnal micro-tide (mean range 0.5 m, max 0.9 m), 
the result of an amphidromic point located just off the coast, has minimal impact on 
the coast, with tidal currents estimated to be 0.003 m s
-1 (Hodgkin and Di Lollo 1958; 
Hearn 1991; Gersbach 1993).   
3.2.2  Site description 
The  Warnbro  Sound  embayment  can  be  separated  into  three  sections 
consisting  of  the  North  Sands  platform,  the  Central  Basin  and  the  South  Sands 
Platform (Figure 3.3).  The North Sands platform (depth up to 5 m) is bordered by 
Penguin Island and a tombolo to Mersey Point in the north, partially by Tern Island 
to the south and by the Murray Reef System offshore (west).  The Central Basin 
(depth 15-20 m) is partially bordered by Tern Island to the north, the South Sands 
platform to the south and offshore by the Murray Reef system (west).  In the most 
southern section is the South Sands platform (depth up to 9 m), bordered by Becher 
Point  in  the  south,  the  Central  Basin  to  the  north  and  the  Murray  Reef  system 
offshore.  The Central Basin seabed consists of organic silt, whilst the shallower sill 
areas  are  sandy  and  vegetated  by  seagrasses  (Department  of  Environmental 
Protection 1996).   
The Murray Reef system, Five Fathom Bank Ridge and Garden Island Ridge all 
run parallel to shore, affecting water circulation within Warnbro Sound (Searle and 
Semeniuk 1985).  The main basin depth is 15 - 20 m; however the offshore reef 
system reduces this to around 5 m on its outer boundary except for a few passages   62
of 10 m depth (Department of Environmental Protection 1996).  The influence of 
oceanic swell is reduced by up to 90 % by these features so that wind waves, more 
so than swell waves, are considered a major driving force of the local scale flow 
(Chape  1984;  Cockburn  Cement  Ltd  1995;  Masselink  and  Pattiaratchi  2001ba; 
Masselink and Pattiaratchi 2001ab).   
 
Figure 3.3:  Composite aerial photo showing location and bathymetric features of 
Warnbro Sound (adapted from Hollings 2004).     63
Physical  processes  occurring  within  Warnbro  Sound  are  complex,  with 
distinct  seasonal  patterns  driven  by  wind  and  density  gradients.    The  seasonal 
pattern  is  separated  into  three  regimes:  winter-spring,  summer  and  autumn 
(Department of Environmental Protection 1996).  During winter-spring there is rapid 
exchange of water during passing of storms; dense offshore flows move into the 
basin displacing the resident bottom layers upwards where they are mixed by wind 
forces.    During  summer  the  basin  is  well  mixed  due  to  weak  horizontal  density 
gradients and strong sea breezes.  In autumn, basin waters are at their most dense 
due to reduced fresh water inflow and increased evaporation over summer.  Water 
layers are stratified due to reduced wind mixing so that the dense bottom water is 
covered by a layer of warm buoyant water (Department of Environmental Protection 
1996). 
3.2.3  Summer and winter wind regimes 
Three years of three-hourly wind data (November 2001 to October 2004: 
BOM 2006), from the nearby weather station at Garden Island, were analysed.  Data 
relevant  to  summer  and  winter  months  were  extracted  and  further  analysed.  
Additional  analysis  included  identifying  extreme  wind  conditions  (i.e.  exceedance 
winds), as these are likely to result in increased wave heights and flow velocities 
leading  to  increased  turbulence  and  hence  disturbance  of  the  substratum.  
Exceedance winds constitute the top 5 % wind velocities (Keddy 1982).   
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3.2.4  Indirect measures of flow dynamics 
To quantify the influence of summer and winter weather patterns on the flow 
dynamics of Warnbro Sound, surface flows, modelled by Professor Jan Backhaus
1, 
and wave heights and bottom velocities, modelled by Ben Hollings
2, were analysed in 
this study.  Wind induced waves create a surface flow that may be in a different 
direction to that of the prevailing swell, giving the ocean a chaotic appearance and 
also  adding  height  to  the  overall  wave.    Thus  mixing  of  water  layers  would  be 
increased when the direction of the wind waves was opposite to that of the swell 
waves.  The speed (celerity) of the waves was calculated using: 
C = √gd 
where celerity (C) is the mean speed of the wave, g is acceleration to due to 
gravity and d is depth.  
Modelled wave heights and bottom velocities were imported into GIS (IDRISI 
Kilimanjaro).    A  vector  map  of  seagrass  species  distribution  was  overlayed  and 
relationships were investigated using the database query module.   
The first modelling procedure used a semi-implicit scheme for shallow water 
to model the surface water flows (see Backhaus 1983; Backhaus 1985).  Outputs 
were generated for a constant wind of 8 m s
-1 in 45-degree steps.  SWAN numerical 
wave  modelling  (Simulating  WAves  Nearshore,  Cycle  III  version  40.41;  Delft 
University of Technology) predicts the significant wave height (Hs) and root mean 
                                                 
1 University of Hamburg. 
2 Centre for Water Research, University of Western Australia   65
square (RMS) of the orbital velocity near the seabed (Ubot) of real weather events.  
This modelling was analysed for a strong summer sea breeze and winter storm, both 
considered gale force by the Beaufort Wind Scale (see Table 3.3 for input details).  
Bathymetry data with 100 m resolution was used in all modelling instances.  The 
output resolution for both modelling procedures was also 100 m.  To assist with 
further analysis the North Sands Platform study area was considered as two halves, 
naturally separated by the existing sand bar, resulting in a northern and southern 
side.  
Table 3.1:  Real weather events used for the SWAN modelling.  Input definitions: 
wind and wave velocity (Vel), wind and wave direction (Dir), significant wave 
height (Hs) and wave period (Tp).   
220.98 12.34 3.60 180 12.6 0.78 15 12 2003 Southerly Sea 
Breeze
260.52 11.09 7.08 310 19.62 1.73  16 05 2003 North-westerly 
Storm
Dir (deg) Tp (sec) Hs (m) Dir (deg) Vel (m.s-1) Level (m)
Wave Wind Water Date Description
220.98 12.34 3.60 180 12.6 0.78 15 12 2003 Southerly Sea 
Breeze
260.52 11.09 7.08 310 19.62 1.73  16 05 2003 North-westerly 
Storm
Dir (deg) Tp (sec) Hs (m) Dir (deg) Vel (m.s-1) Level (m)
Wave Wind Water Date Description
 
 
3.2.5  Seagrass species distribution and meadow continuity  
Photographs  taken  of  seagrasses  present  at  ground-truthed  sites  (see 
Chapter 2 2.2.5) were identified to genus or species, then imported into GIS and 
used to generate a seagrass species distribution map for the North Sands Platform 
(NSP).  This map was divided into halves by the sand bar giving a northern and 
southern side.  These two sides were then considered separately and compared to 
each other.  Seagrass continuity was quantified by extracting windows from the 2002 
raster image of solid and fragmented meadows on both sides of the sand bar.  From   66
these windows the areal extents of both types were calculated and compared using 
the database query module.  Results were expressed as a percentage of the area of 
seagrass present within those windows.   
3.3  Results 
3.3.1  Summer and winter wind patterns 
The  effect  of  different  wind  strengths  on  the  study  area  can  be  seen  in 
Figures 3.4 and 3.5.  A light autumn wind is shown in Figure 3.4 and a winter storm 
strength wind is shown in Figure 3.5.   
For the three years from November 2001 to October 2004 the maximum 
recorded wind velocities were 55 km h
-1 from the SSW in summer, and 74 km h
-1 
from the NNW in winter.  According to the Beaufort Wind Scale these wind velocities 
equate to near gale and gale force respectively.  During the study timeframe near 
gale winds (51 – 62 km h
-1) occurred 66 times during the winter months, three times 
more often than in the summer months (21 times).  Gale force winds (63 – 75 km h
-1) 
occurred 24 times during the winter months and not at all in summer.  In summer 
most winds (23 %) were from the SSW whereas in winter they were variable (Figures 
3.6 A and B).  The same relationship was demonstrated by the exceedance winds 
with 40 % of the summer winds from the SSW, whilst wind directions for winter were 
predominantly from the NW to SW (Figure 3.6 C and D).   
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Figure 3.4:  Surface water conditions during sampling on a calm autumn day over the 
North Sands Platform, approximately 1 km offshore. (Photo: L. Horn)   
 
 
Figure 3.5:  Stormy winter day looking out over the North Sands Platform from the 
shoreline.  Note the build up of seagrass wrack in the shallows and on the 
beach. (Photo: L. Horn)  
   68
 
   
 
 
Figure 3.6:  Percentage of time all winds blew in each of the 16 directions in A) 
summer and B) winter, and exceedance winds in C) summer and D) winter for 
the three years from November 2001 to October 2004.   
 
3.3.2  Analysis of flow and wave models 
3.3.2.1  Surface flow models 
Only  wind  directions  relevant  to  winter  storms  (N,  NW  and  W)  and  sea 
breezes  (SW  and  SSW)  are  presented  as  these  have  the  greatest  impact  on  the 
south-Western Australian coast.  
A  B 
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The  modelled  surface  flow  showed  that  wind  direction  was  the  driver  of 
surface flow direction in Warnbro Sound.  A circular flow pattern in an anticlockwise 
direction was generated in the Central Basin by winds from the N, NW and W: typical 
of winter wind patterns.  Conversely, wind patterns typical of summer (SW and SSW) 
generated clockwise flow patterns centred near Tern Island (Figures 3.7, 3.8, 3.9, 
3.10 and 3.11).  As expected, surface flow directions over the shallow NSP were 
directly influenced by wind direction; i.e. directions of the surface flow were the 
opposite  of  the  wind  directions.    Modelled  surface  flow  for  the  northerly  wind 
(typical of storm wind direction) agrees with the proposed winter regime of the 
basin; that is, net Ekman transport is offshore, resulting in upwelling in the inshore 
and better mixing.  
For all wind fields modelled the surface flows were higher (10 - 30 cm s
-1) 
over the NSP compared to the Central Basin.  Out of all the wind fields modelled the 
northerly wind generated the most complex interactions of surface flow over the 
study area, with some flow directions in the opposite direction to the prevailing 
swell.  These wind induced flows over the shallow waters of the NSP are likely to 
have a positive effect on sediment transport as particle movement becomes more 
elliptical, potentially initialising entrainment and/or bedload transport.   
The northerly wind generated a southerly surface flow offshore and along the 
outer rim of the Central Basin.  This surface flow was diffracted by Becher Point in 
the south, turning the flow northwards.  To the north the surface flow was refracted 
and diffracted by Mersey Point, Penguin Island and the tombolo to a south-easterly 
direction (Figure 3.7). The northward and south-easterly flows converged over the   70
North Sands.  This convergence would result in downwelling, increased mixing of 
bottom layers and some turbulence.  The flow forcing created an anticlockwise gyre 
located centrally in the basin.   
 
Figure 3.7:  Surface flow modelling (velocities in cm s
-1) showing flow directions for a 
northerly  wind  of  8 m  s
-1  in  Warnbro  Sound.    Flow  directions  are 
superimposed over a bathymetry map with 2 m depth intervals.  
 
The north-westerly wind maintained the offshore southerly surface flow and 
enhanced the northerly flow in the southern portion of Warnbro Sound.  Surface 
flows were again diffracted and refracted by Mersey Point, Penguin Island and the 
tombolo toward a south-easterly direction.  This south-easterly flow converging with 
the south-westerly flow in the north of the Central Basin created an anticlockwise 
flow  with  a  gyre  toward  the  western-most  edge  of  the  basin  (Figure 3.8).    The   71
surface flow velocities were slightly higher on the northern side (18 - 20 cm s
-1) 
compared to the southern side (14 - 18 cm s
-1).  
 
Figure 3.8:  Surface flow modelling (velocities in cm s
-1) showing flow directions for a 
north-westerly  wind  of  8  m  s
-1  in  Warnbro  Sound.    Flow  directions  are 
superimposed over a bathymetry map with 2 m depth intervals.  
 
The westerly wind created an easterly surface flow that was diffracted by the 
Garden  Island  Ridge  toward  the  north-east,  then  north  and  south-east.    The 
northerly flow was diffracted and refracted by the North Sands Platform, Penguin 
Island and Mersey Point to an easterly flow over the study area (Figure 3.9).  The 
direction of surface flow being the same as the prevailing winter swell waves would 
increase  the  swell  height  and  decrease  the  wave  period.    This  would  result  in 
increased frequency of breaking waves as they encounter the shallow NSP.  In the 
south, the south-east surface flow was diffracted and refracted by the South Sands   72
Platform and Becher Point, initially easterly, then northerly to an along-shore flow in 
an  anticlockwise  direction  over  the  Central  Basin  (Figure  3.9).    The  two  flows 
converged in the north of the Central Basin creating an anticlockwise gyre located 
just west of the Central Basin. 
 
Figure 3.9:  Surface flow modelling (velocities in cm s
-1) showing flow directions for a 
Westerly  wind  of  8  m  s
-1  in  Warnbro  Sound.    Flow  directions  are 
superimposed over a bathymetry map with 2 m depth intervals.  
 
The  south-westerly  wind  created  an  offshore  north-easterly  surface  flow 
which was redirected by the Garden Island Ridge toward a northerly direction.  The 
inshore flow was refracted and diffracted around Becher Point and the South Sands 
Platform  to  an  alongshore  northerly  flow  (Figure  3.10).    Toward  the  north  of 
Warnbro Sound the northerly flow was refracted by the NSP to a north-easterly, 
then easterly flow.  The modelled surface flow velocities were slightly higher for the   73
southern side (16 to 20 cm s
-1) compared to the northern side (12 to 16 cm s
-1).  The 
easterly flow converged with the northerly flow from the south toward the centre of 
the Central Basin, creating a clockwise gyre located just south of Tern Island.  Surface 
flow speeds at the gyre were shown to be low: between 2 to 10 cm s
-1.   
 
Figure 3.10:  Surface flow modelling (velocities in cm s
-1) showing flow directions for 
a south-westerly wind of 8 m s
-1 in Warnbro Sound.  Flow directions are 
superimposed over a bathymetry map with 2 m depth intervals.  
 
The  offshore  surface  flow  created  by  the  south-south-westerly  wind  was 
similar to the south-westerly wind.  However the inshore flows were quite different.  
Notably there was a southward alongshore flow for the full length of the Central 
Basin  not  seen  for  any  of  the  other  models  presented  here  (Figure  3.11).    This 
southward  flow  converged  with  the  north-easterly  surface  flow,  diffracted  and 
refracted around Becher Point, to push the flow back toward a northerly direction.    74
In the north the surface flow was refracted by the NSP to the north-east, then east, 
creating a gyre slightly offshore in the northernmost part of the Central Basin.   
 
Figure 3.11:  Surface flow modelling (velocities in cm s
-1) showing flow directions for 
a south-south-westerly wind of 8 m s
-1 in Warnbro Sound.  Flow directions 
are superimposed over a bathymetry map with 2 m depth intervals.  
 
3.3.2.2  SWAN models 
The  prevailing  direction  of  the  modelled  offshore  ocean  swell  was  south-
westerly, which changed to a more westerly direction with the approach of storms 
(Figure 3.12).  Inshore wave direction under a NW storm was in a west to west-
south-westerly direction (Figure 3.12).  Inshore, modelled wave direction under the 
SSW  sea  breeze  was  in  a  south-westerly  to  west-south-westerly  direction 
(Figure 3.13).  Inshore wave direction was slightly more variable within the study   75
area during the sea breeze compared to the NW storm (inset Figure 3.12 and 3.13).  
Root mean square (RMS) orbital velocity near the seabed (Ubot) was highest along 
the Murray Reef System for both model instances, with significantly lower velocities 
occurring within the Central Basin (Figures 3.14 and 3.15).   
Over the NSP the mean wave period, significant height, bottom velocity and 
wavelength were all greatest for the NW storm (Table 3.2).  Both weather conditions 
significantly affected background inshore wave conditions by reducing wave period 
(Tp) and increasing wave height (Hs).  Due to the shallow nature of the study area, 
waves under both modelled regimes became shallow-water waves; as a result the 
effects  of  exposure  would  be  more  pronounced  and  particle  orbits  would  be 
expected  to  become  more  elliptical  in  shape  near  the  bottom.    Both  models 
demonstrate a reduction in significant wave height and bottom velocities shoreward 
(Figures 3.12, 3.13, 3.14, 3.15).  The mean (speed) celerity of the waves over the 
North  Sands  Platform  generated  by  the  2003  North-westerly  storm  was  slightly 
higher  than  the  Sea  breeze  (6.66  m  s
-1  ±  0.05  SE  and  5.90  m  s
-1  ±  0.06  SE 
respectively).  For both weather conditions celerity decreased shorewards.  
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Figure 3.12:  SWAN model for a north-westerly storm in 2003 showing Hs (m
 s
-1).  Inshore and offshore wave directions are indicated by 
arrows.  See Table 3.1 for model input details.  The study area is shown within the square inset.     77
 
Figure 3.13:  SWAN model for a southerly sea breeze showing Hs (m
 s
-1).  Inshore and offshore wave directions are indicated by arrows.  
See Table 3.1 for model input details.  The study area is shown within the square inset.  
   78
 
Figure 3.14:  SWAN model for a North-westerly storm in 2003 showing Ubot (m
 s
-1).  The study area is shown within the square inset.  
See Table 3.1 for model input details.   79
 
Figure 3.15:  SWAN model for a southerly sea breeze showing Ubot (m
 s
-1).  The study area is shown within the square inset.  See Table 
3.1 for model input details   80
Table 3.2:  Output variables for SWAN modelling generated by the winter storm and 
summer sea breeze for the North Sands Platform.  Output variables include 
mean (± SE: n = 374) wave height (Hs), wave period (Tp), orbital velocity near 
the seabed (Ubot) and wave length (WLEN).   
 
 
3.3.3  Seagrass species distribution and meadow continuity  
Seagrasses  at  most  sites  were  identified to  species  level,  however  eleven 
sites from the northern side of the sand bar and six sites from the southern side of 
the  sand  bar  were  only  identifiable  to  genus.    Species  included  P.  sinuosa, 
P. australis,  A.  griffithii  and  A.  antarctica.    The  northern  side  had  more  clearly 
defined distributions of Posidonia spp. and Amphibolis spp. and few mixed beds of 
the two genera (Figure 3.16).  The southern side had more mixed-species meadows 
than the northern side, especially offshore (Figure 3.16).   
Posidonia spp. occurred at 66 % of the sites on the northern side, 82 % of 
which were monospecific meadows of P. sinuosa.  This genus was present in the 
sheltered inshore region as mostly solid seagrass meadows with few sand patches 
(Figure 3.16).  Amphibolis spp. occurred at 28 % of the sites, 45 % of which were 
monospecific meadows of A. griffithii.  This genus was present in the offshore, more 
exposed  region  as  mostly  fragmented  meadows  (Figure  3.16).    Mixed  beds  of   81
Posidonia  spp.  and  Amphibolis  spp.  occurred  at  3  %  of  the  sites  visited  on  the 
northern side of the sand bar.   
On the southern side of the sand bar Posidonia spp. occurred at 69 % of the 
sites, of which 70 % were monospecific meadows of P. sinuosa.  This genus was 
present in the inshore region as a mix of solid and fragmented meadows.  Amphibolis 
spp. occurred at 14 % of the sites with equal frequencies as monospecific A. griffithii 
and A. antarctica meadows and mixed beds of both species (Figure 3.16).  There 
were four times as many mixed beds of Posidonia spp. and Amphibolis spp. (17 %) on 
the southern side of the sand bar compared to the northern side.  These mixed 
genus meadows occurred further offshore (Figure 3.16).  
Overlaying the seagrass species distribution vector map with the modelled 
wave  parameters,  Ubot  and  Hs  maps  for  the  2003  North-westerly  storm  and  Sea 
breeze, revealed some separation of seagrass into genus groups as well as species.  
Amphibolis spp. occurred in areas where bottom velocities and wave heights were 
highest (Ubot 0.64± 0.03 to 0.76± 0.03 m s
-1: Hs 1.20 ± 0.06 to 1.63 ± 0.07 m).  In 
comparison Posidonia spp. occurred in areas of lower bottom velocities and wave 
heights (Ubot 0.51 ±0.01 to 0.62 m s
-1: Hs 0.86 ± 0.06 to 1.21± 0.06 m) (Figures 3.17 
and 3.18).  Further separation of the data into species showed that mixed meadows 
of A. griffithii and A. antarctica occurred under the highest Ubot (0.82 ± 0.01.m s
-1) 
and Hs (1.77 ± 0.03 m) values, whereas P. sinuosa occurred in the lowest values (0.62 
± 0.01 m s
-1 and 1.16 ± 0.03m).   82
 
Figure 3.16:  Map of the distribution of seagrass species on the North Sands platform.  Background image is the 2002 aerial photograph 
in grey scale.    83
 
Figure 3.17:  Distribution of seagrass genus against mean (± SE) bottom velocities 
(Ubot) for the 2003 North-westerly storm and Sea breeze. n = 199.  
 
 
 
Figure 3.18:  Distribution of seagrass genus against mean (± SE) significant wave 
height (Hs) for the 2003 North-westerly storm and Sea breeze. n = 199.   
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Comparison of polygons drawn around solid and fragmented meadow types 
showed differences between the northern and southern sides of the sand bar.  Solid 
meadows accounted for 77 % of the total seagrass area on northern side, but only 23 
% on the southern side, suggesting some level of regular disturbance occurs on the 
southern side of the sand bar, compared to the northern side.   
3.4  Discussion 
In this study the level of physical exposure was reflected in the distribution of 
seagrass  species  and  meadow  continuity.    At  higher  exposures  Amphibolis  spp. 
were present and the meadows more fragmented.  At lower exposures seagrass 
meadows  were  vegetated  by  P.  sinuosa  and  tended  to  be  more  solid.    This 
seagrass distribution was most likely as a result of differing plant morphologies and 
growth habits suited to the varying exposure levels.   
Shape,  bathymetry  and  topography  of  Warnbro  Sound,  coupled  with 
seasonal wind patterns, contributed to the complex flow circulations observed.  The 
offshore  and  inshore  reef  systems,  islands  and  Mersey  and  Becher  points  had  a 
major influence on the direction of surface flows for all five wind directions modelled 
(N, NW, W, SW and SSW).  Hydrodynamic flow was shown to decrease shorewards, 
confirming  a  decreasing  gradient  of  physical  exposure  shorewards.    Bottom 
velocities were faster and significant wave heights higher for the modelled winter 
storm compared to the storm strength sea breeze.   
The concave shape of the bay and bathymetry caused surface flows to be 
diffracted around Becher Point and Penguin Island and refracted over the North and   85
South Sands Platforms.  The direction of surface flows within the Sound was shown 
to be dependent on wind direction where winds typical of winter storms, i.e. from 
the north, north-west and west, created anticlockwise gyres in the Central Basin.  
North  and  north-west  winds  created  flow  convergences  and  thus  complex  flow 
interactions  (e.g.  downwelling)  over  the  North  Sands  Platform,  the  edge  of  the 
platform  and  the  Central  Basin.    Seagrass  meadows  located  on  the  North  Sands 
Platform  would be  exposed to these  flow  interactions  and  increased turbulence; 
however the inshore seagrass sites situated in the lee of the sand bar would have 
been afforded some protection from these flows.   
Winds from the south-west and south-south-west created clockwise-flowing 
gyres located near the terminal end of the Tern Island sand bar, described previously 
in Chapter 2: 2.3.2.  Both Pitchen (1993) and Hollings (2004) suggested the initial 
formation of the sand bar occurred due to a localised area of reduced wave heights 
and hence wave energy.  The results of the surface flow modelling further supports 
their  findings.    The  low  flow  velocities  (2  to  10  cm  s
-1)  measured  for  the  gyre 
generated by the south-west wind would increase deposition and thus promote the 
development of the sand bar.  Hollings (2004) suggested that during a particularly 
severe storm sediment might be deposited within the reefs then suspended by the 
south-westerly swell and transported into Warnbro Sound.  The surface flow models 
indicated that during a westerly wind the flow direction would be the same as the 
predominant winter swell, thus increasing wave height and decreasing the period.  It 
is  possible  that  under  these  increased  flow  energies  this  sediment  would  be 
transported into Warnbro Sound, as suggested by Hollings (2004).     86
There  were  observable  differences  in  seagrass  genera  distributions  and 
meadow continuity over the North Sands Platform.  Distribution of seagrass genera 
was correlated to modelled wave parameters, with Posidonia spp. vegetating areas 
of  lower  values  (inshore)  and  Amphibolis  spp.  vegetating  areas  of  higher  values 
(offshore).  Further, offshore seagrass meadows tended to be more fragmented and 
heterogeneous (mixed species) than inshore.  Various researchers have quantified 
similar relationships between wind waves, tides and currents and seagrass species 
distribution and meadow continuity in the Northern Hemisphere (see den Hartog 
1971; Patriquin 1975; Fonseca et al. 1983; 2000; Fonseca and Fisher 1986; Fonseca 
and  Bell  1998;  Bell  et  al.  1999;  Frederiksen  et  al.  2004).    In  southern  Western 
Australia dynamic forces such as weather events are important driving forces behind 
patterns  in  seagrass  continuity,  such  as  blowouts  (Kirkman  and  Kuo  1990).  
Importantly the findings from the present study indicate that oscillatory flow (swell 
wave) and wind regime play a major role in structuring seagrass meadows of south-
Western  Australia,  in  particular  the  regimes  associated  with  winter  weather 
patterns.   
P.  sinuosa  was  the  dominant  seagrass  species  along  the  southern  and 
northern sides of the sand bar.  However P. sinuosa meadows on the southern side 
of the sand bar occurred more frequently as fragmented meadows with frequent 
sand  patches.    One  possible  reason  for  this  may  be  attributable  to  wind  waves 
generated by the sea breeze.  Although this area is protected to some extent from 
swell driven waves (by the offshore reef-island chain) it is still exposed to wind-
driven waves and complex surface flows, more so than the northern side.  Higher   87
modelled surface flows over the southern side confirmed this.  The regularity with 
which the sea breeze occurs along this coast (200 – 250 times per year) would result 
in some level of continual background disturbance, potentially enough to preclude 
the species from forming dense meadows but not of enough force to exclude one 
species in favour of another, for example Amphibolis spp.  This may be related to the 
morphological adaptations of this species.  P. sinuosa is known to dominate in areas 
subject to low-level disturbance (and sediment movement) (Cambridge 1999), such 
as the southern side of the sand bar.  The absence of other large species suggests 
they were excluded by either the disturbance or P. sinuosa or a combination of the 
two factors.  Even when a P. sinuosa meadow is patchy it is still likely to minimise the 
growth of other large seagrass species due in part to its dense growth habit and long 
leaves, potentially shading other species.  Dominance by P. sinuosa was most likely 
due to a combination of factors.  This finding warrants future investigation. 
On  the  northern  side  P.  sinuosa  occurred  as  a  largely  monospecific  solid 
meadow.  This indicates that overall the area was sheltered and disturbance to the 
meadow minimised.  Surface flow models indicated that flows were at their greatest 
over  the  northern  side  during  winter  wind  patterns;  however  it  must  be 
remembered  that  these  wind  patterns  only  occur  two  to  four  times  per  year, 
suggesting that for the majority of the time surface flows are less than that of the 
southern side.  As a result, the dense clumping growth habit of this species was able 
to exclude infiltration by other species (Cambridge, 1999).  Offshore, Amphibolis spp. 
dominated  as  fragmented  meadows  on  both  sides  of  the  sand  bar  indicative  of 
greater  disturbance  regimes.    This  species’  distribution  can  be  attributed  to  its   88
morphological adaptations, that is, its woody stems, terminal leaf clusters, tough 
rhizomes and known ability to tolerate sediment movement (Cambridge 1975; Clarke 
and  Kirkman 1989;  Cambridge 1999).    Interestingly  mixed  meadows, rather  than 
monospecific  meadows  of  A.  griffithii  and  A.  antarctica  occurred  in  the  highest 
modelled flows.  This possible difference in wave tolerance between meadows of 
monospecific Amphibolis species and meadows of mixed Amphibolis species should 
be investigated further. 
The hydrodynamics of Warnbro Sound are complex.  Both winds and waves 
exerted  an  influence  on  flow  patterns.    Infrequent  winter  storms  increased 
significant wave heights and bottom flow velocities more than the consistent and 
strong sea breeze; however in all instances there was an overall reduction in flow 
parameters  shorewards.    Most  importantly,  seagrass  species  distribution  and 
fragmentation were linked to the modelled flow dynamics.  
   89
4  Linking  local-scale  measures  of  physical  exposure  and 
seagrass canopy properties 
4.1   Introduction 
The relationship between seagrasses and water flow is complex and much 
remains  to  be  understood.    Seagrasses  are  known  to  attenuate  water  flow  and 
provide protection to the nearshore region, however, this ability combined with very 
low water-flow regimes may have negative impacts on the seagrass plants.  These 
impacts  may  include  poorer  diffusion  of  nutrients  into  the  seagrass  leaves  and 
excessive  nutrification  of  the  sediment  around  the  seagrass  from  increased 
deposition of organic material (Koch 1999; Binzer et al. 2005).  Both may result in 
shoot death and the subsequent appearance of a patchy meadow (Koch et al.  2006; 
Fonseca and Kenworthy 1987).  Alternatively if water flow is too strong, excessive 
sediment  transport  may  lead  to  intermittent  burial  and  erosion/scouring  of  the 
rhizome mat or physical damage to the seagrass plants (Marbà et al. 1994; Paling et 
al. 2003).  It has been suggested an intermediate flow regime is the most favourable 
for seagrasses (see Koch et al. 2006).   
The density of the seagrass may also affect the magnitude of water flow 
attenuation,  whilst  the  pattern  of  attenuation  through  the  canopy  is  related  to 
hydrodynamic conditions (Koch and Gust, 1999).  Under oscillatory flow seagrass 
blades flap back and forth (in a motion referred to as monami) in accordance with 
the  frequency  of  the  waves.    This  effectively  opens  and  closes  the  meadow.  
Skimming flow occurs in short periods when the meadow is closed.  As this skimming   90
flow isn’t able to fully develop there is increased tendency for mixing within the 
meadow (Wanless 1981).  The monami action also decreases the drag forces exerted 
on the roots and rhizomes (Koch et al. 2006).  Thus seagrasses exist in seemingly 
unexpected areas, such as the wave exposed coast line of Western Australia.  In the 
Southern Hemisphere understanding of these processes is limited and so warrants 
further investigation. 
The  southern  Western  Australian  coast  has  high  energy  swell  waves 
generated from storms far off in the southern Indian Ocean and strong seasonal 
wind patterns (see Chapter 3: 3.2.1 for further description).  It is therefore a given 
that  seagrasses  are  not  consistently  presented  with  “favourable”  conditions  for 
growth or persistence.  Nevertheless, seagrasses continue to persist and, on the 
whole, flourish.  The seagrass meadows of the North Sands Platform in Warnbro 
Sound are representative of seagrasses growing under these conditions and as such 
provide an area in which to study these effects in the natural environment.  Although 
studies undertaken in the natural environment present difficulties and don’t allow 
for the control of extraneous variables, wave heights and wind conditions are never 
constant,  the  outcomes  from  such  a  study  are  valuable  as  they  present  a  truer 
picture of the reality compared to laboratory based studies.   
The aims of this study were to investigate small-scale properties of seagrass 
meadows  along  the  gradient  of  flow  identified  in  Chapter  3.    Two  permanent 
transects were established running from offshore to inshore along the flow gradient, 
with six sites individually identified along their lengths.  Exposure was quantified by 
calculating  Relative  Exposure  Indices  (REI:  both  mean  and  exceedance)  and   91
measuring water flow (during a quiescent period) above the seagrass canopy.  The 
in situ measured flow velocities were then compared to modelled wave parameters 
quantified  in  Chapter  3  to  determine  if  there  was  good  agreement  between 
modelled and measured parameters.  Seagrass species were identified and canopy 
densities measured using the semi-quantitative Braun-Blanquet method at the same 
sites along the transects.  The amount the canopy compressed, or “flattened”, was 
also measured.  The usefulness of canopy compression as a surrogate measurement 
for  flow  strength  was  tested  against  the  in  situ  measured  flow  velocities.    This 
comparison was made to see if it could be used to develop a low-cost qualitative 
measure of flow (e.g. on a nominal scale) that could be used by monitoring groups 
with tight budget constraints.  
The purpose of this work was to examine the interaction, if any, between 
canopy  density,  canopy  compression  and  flow  when  seagrass  meadows  were 
exposed to oscillatory forces.  At this small scale it was hypothesised that the level of 
physical exposure would be reflected in seagrass species distribution and canopy 
density.  That is: 
1.  Higher exposure: lower canopy densities, Amphibolis spp. present  
2.  Lower exposure: higher canopy densities, Posidonia spp. present 
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4.2  Methods 
4.2.1  Study site 
The  study  site  was  located  on  the  North  Sands  Platform  within  Warnbro 
Sound, as described in Chapter 3.2.2.  For this study two permanent transects were 
established.  The two transects, North (S32° 18.589’ E115° 42.025’ to S32° 18.762’, 
E115°  41.663’)  and  South  (S32°  18.520’,  E115°  42.956’  to  S32°  19.479’,  E115° 
41.986’),  each  had  six  sites  marked  by  metal  stakes  and  sub-surface  buoys 
(Figure 4.1).  These six sites were chosen so as to represent a gradient in change of 
seagrass meadow morphology; that is, from a solid monospecific meadow through 
increasing degrees of fragmentation to bare sand.  Water depths and characteristics 
of  the  seagrass  meadows  at  each  site  are  described  in  Table  4.1.    Three  sites 
represented  differing  degrees  of fragmentation:  solid  (S);  patchy  (P);  and  middle 
fragmented  (MF).    Two  edges  were  included  where  distinct  changes  in  seagrass 
meadow morphology commenced.  The first, edge solid (ES) was where the seagrass 
meadow first began to shows signs of fragmentation.  The second, edge fragmented 
(EF), was the seaward edge of the last fragmented seagrass meadow leading into 
bare sand.  The final site, sand (SA), served as a control site with no seagrass.  At 
each  of  these  sites  measured  and  modelled  levels  of  physical  exposure  were 
calculated  and  potential  relationships  between  seagrass  density  and  canopy 
compression were tested.     93
4.2.2  Measures of physical exposure 
4.2.2.1  Relative exposure index (REI) 
Seasonal  wind  effects  were  characterised  by  calculating  the  mean  and 
exceedance relative exposure indices (REI) for the two transects and their six sites.  
Mean relative exposure index (REI) was calculated for each of the sites, for 16 wind 
directions (e.g. N, NNE, NE, ENE) (Fonseca et al. 2002).  Three years of three-hourly 
wind  data  from  the  nearby  weather  station  at  Garden  Island  were  analysed 
(November 2001 to October 2004: BOM 2006).  The wind data were separated into 
twelve monthly blocks.  For each month, the percentage of time for which the wind 
blew in each direction and mean wind speed (km h
-1) was calculated.  Fetch lengths 
were determined using Radlines, an ArcView extension (Jenness 2001).   
As the study area is not an enclosed embayment, and to avoid the problem of 
infinity  for  those  fetch  lengths  which  extended  unobstructed  into  the  ocean,  an 
arbitrary six kilometre limit was placed on the length.  As all landmasses and offshore 
features likely to affect fetch were less than six kilometres distant, this length was 
deemed adequate.  A vector file of the land and offshore islands was created in the 
Image Processing/GIS package IDRISI Kilimanjaro (Clark Labs) and used as a mask to 
intersect with the lines created by Radlines.   
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Once the fetch length was known the effective fetch (Feff) in kilometres (km) 
was calculated using the following formula: 
Feff = (∑ Xi. Cos α) / (∑ Cos α) 
where  i  is  the  compass  heading  (1-16),  Xi  is  fetch  length  in  km  and  α  is  wind 
direction. 
Once the Feff was known the mean REI could be calculated as follows: 
REI = ∑ (Vi x Pi x Feff) 
where Vi is the average monthly wind speed in km h
-1 and Pi is percentage of time 
the wind blew from that direction.  An example of these calculations for the North 
transect is provided in Table 4.2. 
Extreme wind conditions, which increase wave heights and flow velocities, 
can  typically  occur  within  the  study  area  during  summer  and  winter.    These 
conditions  may  result  in  increased  turbulence  and  hence  disturbance  of  the 
substratum, thus REI using exceedance winds was also calculated (exceedance REI).  
Exceedance winds are the top 5 % wind velocities observed during the study period 
(Keddy 1982).  All wind velocities below the top 5 % were stripped from the dataset 
before the calculations were undertaken.  
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Figure  4.1:    Aerial  photograph  of  the  study  area  on  the  North  Sands  platform 
showing the two transects North (red circles) and South (yellow triangles) and 
the six study sites along each.  Refer to Table 4.1 for site details.  
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Table 4.1:  Characteristics of the seagrass landscapes and water depth at each site along the North and South transects, Warnbro 
Sound. 
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Table 4.2:  Example of mean REI calculations for the North transect sand site in 
January for eight out of sixteen wind directions.  
 
 
4.2.2.2  Flowmeter 
Deployment of a current meter at each site along the two transects provided 
a simple in situ direct measurement of the change in flow shorewards.  This was 
intended only to provide an indication of the relative flow energy and not to describe 
the temporal or spatial variation in absolute flow energy.  The flowmeter was held 
150 cm above the seabed for five minutes and readings taken every 30 s (n = 11) 
using the flowmeter readout (General Oceanic model 2035B).  All twelve sites were 
visited once, on the same day in June 2005 when winds were predicted to be light 
easterlies (< 10 knots) and a combined sea and swell significant wave height of less 
than 0. 5 m.  This day was chosen to minimise the effects of wind on the flow 
properties  and  hence  allow  a  clearer  picture  of  ambient  swell  effects.    During 
sampling  the  wind  direction  and  speed  was  monitored  using  a  hand  held  wind 
anemometer (DSE Mini Air Speed and Temperature Pocket Meter) and was recorded 
to be less than 5 m s
-1
 for the duration of the field work.  A study by Verduin and 
Backhaus (2000) in Warnbro Sound led them to hypothesise that an A. antarctica   98
seagrass canopy would only extend its influence to 100 cm above the seabed.  For 
this reason the flowmeter measurements were taken 150 cm above the seabed to 
avoid the influence of the seagrass canopy, and record the true ambient flow.   
4.2.2.3  Modelled wave parameters 
The SWAN modelled outputs (indirect measurement) described in Chapter 3 
were imported into GIS (IDRIS Kilimanjaro), the surface interpolated and the study 
sites overlaid.  The database query module extracted the likely values for significant 
wave height (Hs) and orbital bottom motion (Ubot) for the 12 sites.  These were then 
plotted using SigmaPlot v8.0.  
4.2.2.4  Data analysis: physical exposure  
Due  to  the  temporal  autocorrelation  inherent  in  time  data,  months  were 
grouped into seasons for statistical analysis of mean REI and exceedance REI data.  
The  sampling  design  consisted  of  three  factors:  season  (4  levels,  fixed:  summer, 
autumn, winter and spring), transect (2 levels, fixed: North and South) and site (6 
levels, fixed: SA, EF, MF, P, ES and S).   
Differences in mean and exceedance REIs, season, transects and sites were 
examined  graphically  using  Non-metric  Multi-Dimensional  Scaling  (nMDS)  and 
Principal Component Assessment (PCA) based on fourth root transformed Euclidean 
similarity matrices (Clarke 1993).  All multivariate analyses were conducted using 
Permutational  Multivariate  Analysis  of  Variance  (PERMANOVA)  in the  PRIMER  v6 
with  PERMANOVA  statistical  package  (Anderson  2001;  Clarke  et  al.  2006).    99
PERMANOVA (9999 permutations) was conducted on the complete sampling design 
set using the 4th root transformed Euclidean similarities matrices.  If differences 
were found pair-wise comparisons were made during the a posteriori analyses using 
PERMANOVA (9999 permutations) to determine where differences were occurring.   
A two-way analysis of variance (ANOVA), significance set at α = 0.05, was run 
examining the interaction between transects and sites for the flow velocity data.  All 
assumptions of ANOVA were met.  Post hoc pair-wise comparisons were made using 
the Studentized range statistic Tukey HSD.  The Pearson r correlation coefficient was 
calculated for the measured flow velocity and modelled wave parameters (Hs and 
Ubot); subsequent regression analysis was also run.  These analyses were performed 
using SPSS v15 for Windows.  
4.2.3  Seagrass properties  
4.2.3.1  Braun-Blanquet and canopy compression 
Specimens of seagrass present at each of the sites along the two transects 
were collected, frozen and later identified to species.  A modified Braun-Blanquet 
technique (Fourqurean et al. 2001) was used to measure the seagrass density at all 
twelve sites.  A diver, using SCUBA, recorded the seagrass density in both summer 
and winter.  For consistency the same diver was used for all sampling trips.  At each 
site nine 50 cm x 50 cm quadrats were sampled.  A central quadrat was placed over 
the metal stake used to mark the site and then subsequent quadrats were placed 
contiguously in four compass directions of north, east, south and west, to provide 
specific results for that targeted site (i.e. GPS location).  Each quadrat was given a   100
Braun-Blanquet score from + to 5 that corresponded to a visual percentage estimate 
(Appendix 2).  The Braun-Blanquet density (Di) for each site was then calculated as 
follows: 
 
where  Di  is  the  mean  density  of  seagrass  at  site  i,  the  Braun-Blanquet  scores 
recorded for site i and n the total number of quadrats sampled at site i.   
As  waves  pass  over  a  seagrass  meadow  the  leaves  become  compressed, 
offering protection to the sediment, roots and rhizomes.  If there is a correlation 
between the “amount” of compression and actual flow energy it may be possible to 
use a simple ratio of this height change to provide a semi-quantitative measure of 
flow energy.  This would be a low cost alternative to potentially expensive flow-
measuring  field  equipment  and  especially  useful  to  volunteers  undertaking 
monitoring programs.  To test this, heights of the upright and prone canopy were 
measured to the nearest centimetre.  Ten repeat measures were taken within a 5 m 
radius of the metal stake.  Measurements were taken during summer and winter 
under  light  wind  (summer  <  10  knots,  winter  <  15  knots)  and  swell  conditions 
(summer  Hs  <  0.5m,  winter  Hs  <  1.5m).    It  should  be  noted  that  the  canopy 
compression  was  only  measured  under  low  swell  conditions  in  both  seasons  to 
adhere to safe diving practices.  To allow comparisons between sites with different 
species the change in height was converted into a dimensionless compression ratio 
(CRi) as follows (adapted from van Keulen 1998):     101
 
where CRi is the compression ratio of the seagrass canopy at site i, prone height is 
the height of the canopy when bent over by passing waves at site i and upright 
height is the height the canopy after the wave has passed site i.  Values are between 
0 and 1 where 0 is an uncompressed canopy and 1 is a fully compressed canopy.  
4.2.3.2  Data analysis: seagrass properties 
The Braun-Blanquet density (Di) is based on an ordinal scale.  For this reason 
the non-parametric Kruskal-Wallis test was used to investigate differences in the 
density  as  a  result  of  fragmentation.    The  Kruskal-Wallis  test  does  not  assume 
normality and can be used for data that is ordinal-scale based.   
A  three-way  ANOVA  was  run  examining the  interaction  between  seasons, 
transects and sites, to clarify any differences for the CRi data, significance set at α = 
0.05).  Prior to this the data was ranked so as not to violate the assumptions of 
ANOVA.  Post hoc pair-wise comparisons were made using the Studentized range 
statistic Tukey HSD.  To test the appropriateness of using CRi as a surrogate for flow 
strength, a correlation coefficient using Pearson r and regression analysis compared 
CRi to the in-situ measured flow velocity.  SPSS v15 was used for all analyses.  The CRi 
and Di were also plotted against the interpolated model output of the orbital velocity 
near the seabed (Ubot) for the North-West storm 2003 in winter and the sea breeze 
2003 in summer to investigate possible relationships with modelled data.     102
4.3  Results 
4.3.1  Measures of physical exposure 
4.3.1.1  Relative exposure index (REI) 
Mean  REI  values  were  significantly  different  for  season,  transect  and  site 
(PERMANOVA, p < 0.05: Table 4.3); however no interactions were significant (Table 
4.3).  The a posteriori  analyses showed all seasons were different to each other 
(Table 4.4).  The PCA plot for mean REI shows a distinct separation into the summer 
and winter seasons, with spring and autumn showing a much larger variation in their 
scatter (Figure 4.2) and the separation of summer and winter clearly being driven by 
wind direction.  The highest mean REI for both transects occurred in summer and 
corresponded to a SSW wind (Figure 4.3).   
Table 4.3:  PERMANOVA of the differences for season, transect and site for both mean REI 
and exceedance REI.  Data were 4
th root transformed and analysis based on the 
Euclidean  dissimilarity  measure,  permutated  9999  times.    Significance  level  is 
indicated by *P < 0.05, **P < 0.01 and ***P < 0.001, df degrees of freedom, MS 
mean squares, F pseudo F-statistic, and P (perm) permutated P-value.  
  Source  df  MS  F  P (perm) 
REI  Season  3  281.660  76.8200  0.0001*** 
  Transect  1  21.376  5.8301  0.0053** 
  Site   5  30.186  8.2330  0.0001*** 
  Season x transect  3  0.220  0.0060  1 
  Season x site   15  0.318  0.0080  1 
  Transect x site  5  16.163  1.6810  0.0918 
  Season x transect x 
site 
15  0.005  0.0016  1 
  Error  143       
           
Exceedance REI  Season  3  1415.200  23.5290  0.0001*** 
  Transect  1  10.886  0.1809  0.9605 
  Site   5  12.156  0.2021  1 
  Season x transect  3  1.605  0.0027  1 
  Season x site   15  1.725  0.0028  1 
  Transect x site  5  1.725  0.0046  1 
  Season x transect x 
site 
15  0.309  0.0051  1 
  Error  143       
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Table 4.4: An a posteriori pair-wise PERMANOVA comparing the four seasons for REI and 
exceedance REI.  Number of permutations = 9999.  Data were 4
th root transformed 
and based on the Euclidean dissimilarity measure.  Level of significance indicated by 
*P < 0.05, **P < 0.01 and ***P < 0.001, t t-value, and P (perm) permutated P-value.  
  Groups  t  P (perm)  No. unique 
values 
REI  summer, autumn  8.1033  0.0001***  9945 
  summer, winter  20.925  0.0001***  9950 
  summer, spring  7.4145  0.0001***  9955 
  autumn, winter  7.6607  0.0001***  9942 
  autumn, spring  3.7953  0.0001***  9942 
  winter, spring  7.9889  0.0001***  9941 
         
Exceedance REI  summer, autumn  4.8438  0.0001***  9949 
  summer, winter  10.2430  0.0001***  9938 
  summer, spring  5.3046  0.0001***  9942 
  autumn, winter  3.9522  0.0001***  9947 
  autumn, spring  3.2442  0.0001***  9941 
  winter, spring  3.2811  0.0001***  9952 
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Figure 4.2:  PCA of the mean REI, with the main wind directions for the summer sea 
breeze (SW and SSW) and winter storms (N, NW and W) superimposed using 
a Spearman correlation.  
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Figure 4.3:  The REI in summer and winter for both transects (mean ± SE, n = 2304): 
North solid line and South dashed line, for the three years from November 
2001 to October 2004.  
 
An  a  posteriori  analysis  comparing  the  different  sites  shows  the  most 
offshore site, SA, was significantly different to all other sites inshore of it, except the 
closest, EF (Table 4.5).  EF and MF were different to the two most inshore sites ES 
and S, P was different to the most inshore site S, and ES and S are also different 
(Table 4.5).  An nMDS plot of the sites demonstrates the a posteriori results, that is, a 
gradient from offshore to inshore for the mean REI values (Figure 4.4).  
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Table 4.5: An a posteriori pair-wise PERMANOVA of sites for mean REI.  Number of 
permutations  =  9999.   Data  were  4
th root transformed  and based  on the 
Euclidean dissimilarity measure.  Level of significance indicated by *P < 0.05, 
**P < 0.01 and ***P < 0.001, t t-value, and P (perm) permutated P-value.  SA 
sand, EF edge fragmented, MF middle fragmented, P patchy, ES edge solid 
and S solid.  
  Groups  t  P (perm)  No. unique 
values 
REI  SA, EF  0.7975  0.5206  9953 
  SA, MF  2.4081  0.0084**  9939 
  SA, P  2.3956  0.0084**  9943 
  SA, ES  3.7948  0.0002***  9941 
  SA,S  4.9420  0.0001***  9949 
  EF, MF  1.6208  0.0807  9949 
  EF, P  1.6666  0.0707  9930 
  EF, ES  3.2422  0.0006***  9943 
  EF, S  4.4777  0.0001***  9952 
  MF, P  1.0673  0.2871  9938 
  MF, ES  2.3583  0.0099**  9956 
  MF, S  4.1458  0.0002***  9942 
  P, ES  1.5546  0.0995  9947 
  P, S  3.1990  0.0004***  9930 
  ES, S  1.9565  0.0338*  9944 
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Figure 4.4:  nMDS plot of the mean REI for the study sites showing a gradient from 
offshore to inshore.  Minimum stress level 0.07 occurred 49 times out of 50 
runs.  
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Exceedance  REI  values  were  significantly  different  for  season  only 
(PERMANOVA, p < 0.05: Table 4.3); a posteriori analysis showing that all seasons 
differed to each other (Table 4.4).  However, exceedance REI resulting from SSW 
winds in summer was much higher than any other wind direction for either season 
during the study timeframe (Figure 4.5: only summer and winter data shown).   
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Figure 4.5:  The exceedance REI (± SE, n = 456) in summer and winter for both 
transects: North solid line and South dashed line, for the three years from 
November 2001 to October 2004.   
 
4.3.1.2  Flowmeter 
The  two-way  interaction  for  flow  velocity  (2  transects  x  6  sites)  was 
significant, as were the main effects of transect and site (Table 4.6).  Flow velocities 
decreased from offshore to inshore by 10.5 cm s
-1 and by 12.8 cm s
-1 for the North   107
and South transects respectively (Figure 4.6).  The unvegetated sand sites (SA) of the 
two transects were significantly different to each other with higher flow velocities 
measured over the North transect sand site (by 6.8 cm s
-1) (Tukey HSD p < 0.001).  
Overall  the North transect  tended  to  have higher  flow  velocities  than  the  South 
transect (Figure 4.6).  For the North transect the most offshore site, sand, had higher 
flow velocities (by 7.3 to 10 5 cm s
-1) than the middle fragmented (MF) site and two 
most inshore sites, edge solid (ES) and solid (S) (Tukey HSD p < 0.001).  The sand site 
(SA) from the South transect had higher flow velocities (by 9.1 cm s
-1) than the solid 
inshore site (Tukey HSD p < 0.001).  The edge fragmented (EF) site from the South 
transect had higher flow velocities (by 6.8 to 12.7 cm s
-1) than all inshore seagrass 
sites along the same transect (Tukey HSD p < 0.001).   
Table 4.6:  Source of variance table for the two-way ANOVA for flow velocity 150 cm 
above the seabed.  Significance level is indicated by *P < 0.05, **P < 0.01 and 
***P  <  0.001,  df  degrees  of  freedom,  MS  mean  squares,  
F F-statistic, and P P-value.  
Source   df  MS  F  P 
Transect  1  0.033  16.0660  0.0001*** 
Site  5  0.030  14.6011  0.0001*** 
Transect x site  5  0.008  3.7810  0.0001*** 
Error  120       
 
In situ flow velocity was strongly positively correlated to both modelled wave 
parameters  suggesting  that  modelled  wave  parameters  adequately  describe  the 
natural flow environment.  Regressions for the two modelled wave parameters and 
measured flow showed that the modelled Ubot was adequate (and marginally better 
than Hs) for predicting in situ measured flow (measured flow = 0.358 x Ubot + -15.929; 
R
2 = 0.683).     108
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Figure 4.6:  Mean flow velocity (±SE, n = 66), flowmeter 150 cm above the seabed for 
the  study  sites  along  the  North  transect  (solid  line)  and  South  transect 
(dashed line).   
 
4.3.1.3  Interpolated model wave parameters along the transects 
Interpolation of modelled bottom velocity (Ubot) values indicated that values 
along the North transect were generally higher than along the South transect (by 1 
to 16 cm s
-1) except at the most inshore site, solid (S), which were similar (Figure 
4.7).  The Ubot and wave heights (Hs) indicated that storms generated consistently 
greater  velocities  and  higher  waves  than  sea  breezes  (Figure  4.7).    Interpolated 
bottom velocities for both transects under all conditions modelled decreased from 
offshore to inshore (North: by 24.7 to 28.9 cm s
-1 and South: by 6.5 to 18.9 cm s
-1) 
(Figure  4.7).    Bottom  velocity  values  (Ubot)  generated  under  winter  storms  were 
greater than those for the sea breeze: for the North transect they were faster by up 
to 12.5 cm s
-1 and for the South transect by up to 15.3 cm s
-1 (Figure 4.7).     109
 
Figure 4.7:  The interpolated significant wave height (Hs in cm) and RMS of the orbital 
motion near the bottom (Ubot in cm s
-1) modelled for real weather events for 
the six sites along the North and South transects.   
 
All  interpolated  significant  wave  heights  (Hs)  for  both  transects  showed a 
trend of decreasing height from offshore to inshore (North: by 89.6 to 104.0 cm and 
South: by 117.3 to 134.5 cm) (Figure 4.7).  For both transects Hs values during winter 
storms were higher than those during SSW sea breezes.  This ranged from 30.0 to 
48.5  cm  for  the  North  transect  and  33.7  to  52.4  cm  for  the  South  transect 
(Figure 4.7).     110
4.3.2  Seagrass properties  
Five species of seagrasses were occurred at the ten seagrass vegetated sites 
along the two transects (Table 4.7).  The distribution of seagrass species differed from 
the more exposed offshore sites to the less exposed inshore sites.  Amphibolis spp. 
occurred  at  four  out  of  five  of  the  sites  along  the  North  transect,  whereas 
Posidonia spp. occurred at four out of five of the sites along the South transect, the 
less exposed transect.   
Using a combination of the species present and qualitative fragmentation 
types the two transects can be thought of as having three zones each.  The inshore 
zone for the North transect consisted of the solid site, a monospecific meadow of P. 
sinuosa.    The  middle  zone  included  the  edge  solid  and  patchy  sites,  with 
monospecific meadows of A. griffithii.  The offshore zone consisted of the seagrass 
sites  middle  fragmented  and edge  fragmented,  both  mixed  meadows  with equal 
abundances of A. griffithii and A. antarctica present (Table 4.7).   
Along  the  South  transect  the  inshore  zone  consisted  of  the  solid  site 
vegetated  by  P. sinuosa.    The  middle  zone  included  the  edge  solid,  patchy  and 
middle fragmented sites all vegetated by P. sinuosa however edge solid and middle 
fragmented also had minor amounts of P. australis and S. isoetifolium respectively 
(Table 4.7).  Finally the offshore zone consisted of the edge fragmented site, which 
was vegetated by a mixed meadow of A. griffithii and A. antarctica (Table 4.7).     111
Table 4.7:  The seagrass species present at the five sites of the North and South 
transects.  Where more than one species of seagrass occurred at a site their 
relative abundance to each other is represented by +.  
  Edge 
fragmented 
Middle 
fragmented 
Patchy  Edge solid  Solid 
North  A. griffithii++  A. griffithii++  A. griffithii   A. griffithii   P. sinuosa 
  A. antarctica++  A. antarctica++       
South  A. griffithii++  P. sinuosa++++  P. sinuosa  P. sinuosa+++  P. sinuosa 
  A. antarctica++  S. iseotifolium+    P. australis+   
 
 
4.3.3  Braun-Blanquet  
The Kruskal Wallis test showed no significant difference for either seasons 
(summer or winter) or transects (North or South) for Di.  However the trend was for 
the Di to increase shorewards along the North transect in both summer and winter 
and  to  remain  fairly  consistent  along  the  South  transect  for  both  seasons.  
Comparison between the fragmentation types revealed significant differences (χ
2 = 
27.357, df = 4 p < 0.001).  The solid sites differed from all the other seagrass sites 
(Mann-Whitney U p < 0.05).  This was most likely driven by the high Di observed for 
the solid site of the North transect which was the most protected site (Figure 4.8).  
Further, the two most offshore sites (EF and MF) differed to the more inshore sites, 
patchy and edge solid (Mann-Whitney U p < 0.05), with the offshore sites tending to 
have lower Di values than those inshore (Figure 4.8).   
4.3.4  Canopy compression Ratio (CRi) 
The  three-way  interaction  for  CRi  (2  seasons  x  2  transects  x  6  sites)  was 
significant as were all 2-way interactions and main effects (Table 4.8).  As expected   112
for both transects the seagrass canopies compressed more in winter compared to 
summer (Figure 4.8).   
Comparison  of  the  two  transects  in  summer  showed  that  the  seagrass 
canopies of the North transect compressed more than the South transect, reflecting 
the greater exposure of the North transect (Figure 4.8).  However, in winter there 
was no such trend.  Although interestingly for both transects the sites vegetated 
by P. sinuosa compressed more than those sites vegetated by Amphibolis spp. 
(Figure 4.8). 
The general trend of decreasing compression shorewards in both summer 
and winter for the North transect reflects the reduction in flow velocity described 
previously (Figure 4.8).  The Amphibolis spp. canopies, particularly the offshore EF 
and  MF  sites  (Tukey  HSD  p  <  0.001)  tended  to  be  more  compressed  than  the 
P. sinuosa site (solid) in summer.  At all sites canopy compression tended to increase 
in winter, but this effect was only significant for the long strappy-leaved P. sinuosa 
site (S) (Tukey HSD p < 0.001).   
Along  the  South  transect  the  compression  of  the  seagrass  decreased 
shorewards in summer only (Figure 4.8).  All canopies, except the solid and edge 
fragmented sites, compressed significantly more in winter (Tukey HSD p < 0.001).   
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Table  4.8:    Source  of  variance  table  for  the  three-way  ANOVA  for  canopy 
compression.  Significance level is indicated by *P < 0.05, **P < 0.01 and 
***P < 0.001, df degrees of freedom, MS mean squares, F F-statistic, and P P-
value.  
Source  df  MS  F  P 
Season  1  187401  168.8570  0.0001*** 
Transect  1  25568  23.0380  0.0001*** 
Site  4  7624  6.8690  0.0001*** 
Season x transect  1  23185  20.8910  0.0001*** 
Season x site  4  3792  3.4170  0.0102* 
Transect x site  4  8258  7.4410  0.0001*** 
Season x Transect x site  4  4386  3.9520  0.0043** 
Error  171       
 
The Pearson r test revealed a significant positive correlation between CRi and 
the  measured  in  situ  flow  (two-tailed  p  <  0.001).    As  flow  increased  so  did  the 
compression  of  the  canopy;  however  the  resultant  regression  was  weak  with  an 
adjusted  R
2  value  of  0.259.    This  suggests  that  using  canopy  compression  as  a 
surrogate for actual flow measurements at similar sites will only provide a qualitative 
guide to flow intensity.   
For both transects there appeared to be a positive relationship between the 
modelled  (and  interpolated)  Ubot  and  the  amount  the  seagrass  canopy  was 
compressed in summer and winter; that is, as the bottom velocity increased so did 
the amount of canopy compression.  This relationship can be seen for both summer 
(Sea breeze 2003) and winter (NW storm 2003) flow velocities, where offshore sites 
exposed to higher Ubot were compressed more than the inshore sites exposed to 
lower  Ubot  (Figure  4.9).    With  the  increased  Ubot  in  winter,  canopies  from  both 
transects tended to compress more (Figure 4.9).   
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Figure 4.8:  The Braun-Blanquet densities (Di) compared to the canopy compression 
ratio (CRi) for the five seagrass sites along the two transects in summer and 
winter.  ‘0’ indicates no canopy compression and ‘1’ indicates the seagrass 
canopy was fully compressed.  
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Figure 4.9:  The canopy compression ratio (CRi) compared to the interpolated mean 
orbital velocity near the seabed velocities (Ubot in cm s
-1) modelled for the 
2003 NW winter storm and 2003 summer sea breeze for the five seagrass 
sites along the two transects. 
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4.4  Discussion 
The aim of this study was to investigate seagrass canopy properties along a 
gradient of flow from offshore to inshore.  The gradient in flow was investigated 
using  three  different  methods  including  predictive  modelling  (indirect 
measurement), in-situ flowmeter reading (direct measurement) and quantifying the 
relative exposure index (REI).  Seagrass canopy properties included identifying the 
different  species,  measuring  their  respective  canopy  densities  and the  degree to 
which the canopies compressed as a result of the passing of waves.  Sampling was 
undertaken in summer and winter to elucidate any seasonal weather influence on 
those  properties.    The  results  of  this  study  partly  supported  the  hypotheses 
proposed; i.e. seagrass species distribution did correlate with the level of physical 
exposure such that at: 
1.  Higher exposure Amphibolis spp. were present and 
2.  Lower exposure Posidonia spp. were present 
There was also a trend of increasing seagrass density shorewards along the 
North transect, but it was not significant.  It is suggested that in future studies, rather 
than using the Braun Blanquet method, direct counting of shoots for density would 
provide a more accurate measure and hence clarify any relationship. 
The modelled data and Relative Exposure Index (REI) results indicated there 
are two physical exposure scenarios at work on the North Sands Platform.  Both are 
likely to impact the seagrass meadows, but to differing degrees.  The first is a strong   117
but  episodic  impact,  indicated  by  the  modelled  data.    The  second  scenario  is  a 
weaker but more consistent impact indicated by the REI results.   
The  first  scenario  showed  that  winter  storms generated higher  significant 
wave height and bottom flow velocities than sea breezes.  For both wind types the 
data used were gale force wind conditions.  Other studies along this coast have had 
the same result with higher velocities being measured during the infrequent NW 
winter  storms  (see  (Masselink  1996;  Pattiaratchi  et  al.  1997;  Masselink  and 
Pattiaratchi  1998).    However,  the  modelled  results  from  this  study  should  be 
considered simultaneously with actual data.  In a study of storm impacts on flow in 
Warnbro Sound (see Chapter 3.3.1) wind velocities associated with winter storms 
(i.e. winds from the N to NW) were by far the strongest measured (i.e. the years 
2001 – 2004) and occurred far more frequently than similar strength sea breezes.  
Near gale force winds (51 – 62 km h
-1) occurred 65 times during the winter months, 
three times more often than in the summer months, whilst gale force winds (63 – 
75 km h
-1) only occurred during the winter months (8 times).  In terms of forcing 
energy, it is likely these strong winter storms, and subsequently high wave heights 
and bottom flow velocities would have a strong disturbance effect, albeit episodic, 
on nearshore processes and the seagrass meadows.   
The second scenario was indicated by the REI results.  REI averages the wind 
velocities in the 16 wind directions, whilst taking into account the distance over 
which the wind can blow unimpeded.  The result is a down-weighting of episodic 
strong  wind  velocities,  in  effect  smoothing  the  data.    In  this  study  a  significant 
difference was found between all four seasons, transects and sites for REI.  Wind   118
direction was the driving force behind these differences, with the clearest separation 
occurring between the summer and winter months.  The summer months had the 
highest exposure values (mean REI).  These summer winds, from the SSW, occurred 
23 % of the time (see Chapter 3.3.1).  Sonu (1973) suggested that a sea breeze may 
exert greater overall influence on a coast because of its cumulative effects over time.  
Masselink and Pattiaratchi (1998) found that as a result of sea breezes beaches were 
continually  being  eroded  and  accreted  in  a  similar  fashion  to  that  generated  by 
moderate storms.  Further, Masselink (1996) suggested that the significant littoral 
drift induced by sea breezes may contribute to the development of tombolos and 
salients.  The significant increase in the size of the sand bar described in Chapter 
2.3.2  may  be  the  result  of  these  flow  patterns  generated  by  sea  breezes.    It  is 
therefore likely that the nearshore dynamics of shallow areas of Warnbro Sound, 
such  as  the  North  Sands  platform  with  its  seagrass  meadows,  are  exposed  to  a 
consistent, low-level background disturbance generated by the sea breeze.   
All  physical  measurements  indicated  there  was  a  decrease  in  energy 
shorewards,  in  agreement  with  results  from  Chapter  3.3.2.2.    Flowmeter 
measurements  and  interpolated  SWAN  models  both  showed  a  decrease  in  flow 
velocities from offshore to inshore.  The interpolated SWAN models also indicated a 
decrease in wave height (and hence wave energy) shorewards.  Further, REI values 
along  the  transects  also  decreased  shorewards.    Thus  there  was  a  decreasing 
gradient of physical exposure shorewards, with the offshore sand sites experiencing 
greater forces than the inshore solid seagrass sites.   
Both the SWAN modelled velocities (modelled under gale force winds) and   119
the in-situ flowmeter readings (recorded during calm winds < 5 m s
-1) showed that 
overall  the  North  transect  tended  to  have  slightly  faster  flows  than  the  South 
transect.  The strong positive correlation between the two methods suggests that 
modelled  wave  parameters  adequately  describe  the  natural  flow  environment.  
Further, these results indicate that the background swell wave energy over the sites 
of the North transect was slightly greater than that of the South transect.  The same 
effect  for  transect  was  mirrored  in  the  REI  results  with  the  North  transect 
experiencing higher REI values than the South transect.   
The  distribution  of  seagrass  genera  along  the  North  and  South  transects 
reflected  the  difference  in  physical  exposure  from  offshore  to  inshore.    With 
increased physical exposure meadow fragmentation increased and seagrass species 
known to be more tolerant of disturbance were present i.e. Amphibolis spp.  At 
lower  exposures  the  seagrass  meadows  were  more  solid  and  vegetated  by 
P. sinuosa.   
The North and South transects could be divided into three zones, inshore, 
middle and offshore, based on seagrass characteristics.  This zonation reflected the 
increase  in  physical  exposure  from  inshore  to  offshore.    The  inshore  and  most 
sheltered  zone  for  both  transects  had  the  same  species  and  similar  levels  of 
fragmentation.  The offshore and most exposed zone for both transects also had the 
same  species  and  similar  levels  of  fragmentation.    The  middle  zones,  although 
similarly fragmented, differed in seagrass species.     120
The inshore sheltered zones (solid sites) for both transects were vegetated by 
solid  monospecific  meadows  of  P.  sinuosa  suggesting  the  conditions  were  most 
favourable for the growth of that species.  The dense nature of these meadows of 
P. sinuosa  may  have  inhibited  the  spread/colonisation  of  other  seagrass  species 
(Kirkman 1985; Cambridge 1999).  The two offshore exposed zones, incorporating 
the middle fragmented (MF) and edge fragmented (EF) sites of the North transect 
and EF site of the South transect, were both vegetated by mixed beds of A. griffithii 
and A. antarctica.  The mixed beds imply conditions were less favourable for both, so 
no one species was able to dominate and exclude the other.   
The  middle  zones  of  the  North  and  South  transects  were  vegetated  by 
different seagrass species.  For the North transect this zone included the patchy (P) 
and edge solid (ES) sites, vegetated by A. griffithii.  The replacement of P. sinuosa 
with A. griffithii was most likely the result of the increasing flow velocities measured 
from inshore to offshore.  Cambridge (1999) found that A. griffithii is more tolerant 
to higher flow velocities and increased sediment movement than P. sinuosa.  In 
contrast,  the  sites  included  in  the  middle  zone  of  the  South  transect  were  all 
vegetated by P. Sinuosa, that is, MF, P and ES sites.  However, these seagrass beds 
did  become  increasingly  more  fragmented  offshore  most  likely  as  a  result  of 
increasing exposure.  This increase in fragmentation allowed other species to co-
occur  with  P. sinuosa,  however  they  did  not  contribute  significant  aboveground 
biomass to the meadow (personal observation).   
This  difference  in  species  zonation  between  the  two  transects  may  be 
explained  by  the  difference  in  background  swell  and  REI  values.    As  previously   121
discussed the North transect had higher values for both thus providing a greater 
range of flows allowing the two most prevalent genera, Posidona and Amphibolis, to 
clearly  occupy  their  most  favourable  range,  to  the  exclusion  of  other  species.  
Whereas the South transect had weaker flows, hence a reduced range of conditions, 
that  enabled  P.  sinuosa  to  be  dominant  in  favour  of  Amphibolis  spp.,  albeit  as 
fragmented meadows with other smaller species.  
It is possible that other factors may also have contributed to this zonation, 
such as nutrient availability and/or perfusion rates into leaves as a consequence of 
differing flows.  However, investigating these factors was outside the scope of the 
present  study.    Interestingly,  epiphytic  growth  was  noted  to  be  greater  on  the 
seagrass along the South transect (personal observation) but this wasn’t quantified. 
Usually as water flow increases over a surface so does the drag exerted on 
that surface.  However, as seagrass shoots are flexible and can bend, the drag is 
minimised  (Koch  et.  al.  2006).    Further,  there  is  a  swaying  motion  observed  in 
seagrasses under oscillatory flow (monami).  Under this flow the leaves move back 
and forth without fully extending.  This flapping action reduces the pulling force on 
the roots of seagrass plants (Koch et. al 2006).  However, the flapping back and forth 
still results in some degree of compression of the meadow’s leaves.  Intuitively the 
amount of compression should reflect the velocity of the flow.  Van Keulen (1998) 
found that as the density of the seagrass canopy increased, compression decreased; 
however  Fonseca  and  Fisher  (1986),  working  on  different  species,  found  no 
relationship.  A possible explanation for these differing results is the morphologies of 
the  species  investigated  and  the  flows  under  which  they  were  measured.    The   122
seagrasses  studied by  van  Keulen  (P.  sinuosa  and  A.  antarctica)  were both  large 
plants with long leaves or stems and measurements were made under oscillatory 
flow.  In contrast Fonseca (1986) used smaller species (Zostera marina, Halodule 
wrightii, Thalassia testudinum and Syringodium filiforme) and measurements were 
made under unidirectional flow.  As Posidonia spp. and Amphibolis spp. are common 
in the area used for this study it was expected that the densities and possibly the 
landscapes  of  these  species  would  affect  the  amount  of  canopy  compression.  
Results  from  the  comparison  of  CRi  and  Ubot  from  this  study  confirmed  this 
relationship.  As Ubot increased the compression of the seagrass canopy tended to 
increase.    However  the  particular  seagrass  genera  present  also  influenced  the 
results. 
Van Keulen (1998) reported that at similar flow velocities P. sinuosa exhibited 
greater  compression  than  A.  griffithii,  even  when  A.  griffithii  shoot  density  was 
significantly lower than P. sinuosa, indicating that the stiffer stems of Amphibolis 
make it more resistant to bending than the long strappy leaves of Posidonia.  In the 
present study, in summer, the shoreward reduction in flow was characterised by the 
North transect’s two exposed offshore sites (EF and MF) vegetated by Amphibolis 
spp.  compressing  significantly  more  than  the  inshore  sheltered  solid  (S)  site 
vegetated by P. sinuosa.  In winter when flow velocities were higher there was still 
this underlying trend of decreasing compression shorewards.  All canopies, however, 
tended  to  compress  more  due  to  the  increase  in  ambient  flow.    This  increased 
compression was particularly evident at the solid inshore site (P. sinuosa) where the 
canopy was significantly more compressed in winter than it was in summer.  This was   123
most likely the result of the increased flexibility of P. sinuosa leaves compared to the 
stiffer stems of Amphibolis spp.   
For  the  North  transect  the  decreasing  shoreward  flow  velocity  was  also 
characterised  by  an  increase  in  Braun-Blanquet  densities  (Di)  shorewards.    The 
significantly  higher  Di  recorded  for  the  North  transect  solid  site  (S:  P.  sinuosa) 
compared to the three more offshore sites (EF, MF: A. griffithii, A. antarctica; and P: 
A.  griffithii)  was  a  result  of  the  different  genera  of  seagrass  and  increased 
fragmentation  associated  with  the  increase  in  flow  velocities  from  inshore  to 
offshore.  P. sinuosa, which dominates sheltered areas, has a clumping growth habit 
characterised  by  dense  tightly  packed  shoots  (Cambridge  1999;  Smith  2001).    In 
contrast Amphibolis spp. tolerate habitats with intermediate to high exposure levels 
and have wiry stems that cluster together in small groups (no more than five at this 
site:  personal  observation)  that  are  interspersed  with  small  sand  patches.    As  a 
consequence  the  canopies  of  Amphibolis spp.  had  a  more  open  appearance;  i.e. 
more sand was visible through the canopy.  There was also the presence of large 
patches of bare sand within and around the two most offshore sites as a result of 
meadow fragmentation.  There was a significant negative correlation between CRi 
and Di for the North transect in summer; that is as Di increased CRi decreased.  This 
was  not  seen  in  winter  most  likely  because  of  the  considerable  increase  in 
compression  of  the  P.  sinuosa  canopy  of  the  solid  site  under  the  higher  flow 
velocities.   
In  summer,  along  the  South  transect,  seagrass  canopies  compressed  less 
shorewards  due  to  the  reduction  of  flow  in  that  direction.    As  with  the  North   124
transect, all seagrass sites along the South transect tended to compress more in 
winter  because  of  the  increased  flows.    Di  along  the  South  transect  remained 
consistent  along  the  length  of  the transect  and  between  seasons.    Subsequently 
there was no relationship between CRi and Di for the South transect.   
These results indicate that seagrass canopy compression along a gradient in 
wave  exposure  is  a  complex  interaction  between  the  seagrass  landscape, 
morphology  and  density  of  the  seagrass  canopy  and  the  water  flow  velocity.  
Therefore,  if  this  method  were  to  be  used  as  a  surrogate  for  water  flow 
measurements these findings would need to be considered.  However, as it is both 
cheap and simple to measure, community monitoring groups would be able to use 
this method as a descriptor of the general flow conditions impacting the seagrass 
meadows which are being monitored.  
The results from this study have shown that there are two physical scenarios 
at work on the North Sands Platform which are likely to affect the resident seagrass 
meadows  to  differing  degrees.    The  first  scenario  is  an  episodic  but  strong 
disturbance caused by storm strength winds.  The second is a weaker but more 
frequent disturbance caused by the sea breeze.  The results also revealed a gradient 
in physical exposure decreasing from offshore to inshore.  The seagrass distribution, 
density  and  fragmentation  reflected  this  gradient,  these  results  elucidating  the 
interaction between canopy density and flow forces when seagrass meadows are 
exposed to oscillatory flow mechanisms.  Inshore the seagrass was afforded the most 
protection from physical forces and as a result the canopy densities were highest.  
For this study this area was where P. sinuosa meadows dominated.  However, the   125
canopy continuity of P. sinuosa meadows did decrease, becoming more fragmented, 
as it started to reach its maximum tolerance level.  Past this range P. sinuosa was 
replaced by Amphibolis spp., initially appearing with the typical open canopy growth 
habit.  Finally the seagrass appeared to have an upper tolerance limit to exposure.  It 
was at this point only Amphibolis spp. were present, and most notably as highly 
fragmented meadows.  Past this limit the seabed was devoid of any seagrass species.   126
5  Sedimentary properties of seagrass meadows along a wave 
gradient: a small-scale perspective 
5.1   Introduction 
Distribution  of  grain-sizes  in  sedimentary  environments  reflects  the  flow 
regime,  with  higher  flow  velocities  producing  coarser  sediments  and  lower  flow 
velocities resulting in finer sediment fractions (McLaren and Bowles 1985).  However 
submerged aquatic vegetation, for example seagrasses, modify sediment grain size 
distributions  by  reducing  water  flow  (Ginsburg  and  Lowenstam  1958;  Swinchatt 
1965; Scoffin 1970; Patriquin 1975; Fonseca and Cahalan 1992).   
A grain’s susceptibility to entrainment is a consequence of its shape, size, 
packing structure of the sediment of which it is a part and the degree of flow to 
which it is exposed.  At any one time there are four different forces acting on the 
sediment  particles  over  which  a  fluid  flows.    These  include:  gravity  (downward 
force); uplift (continuous force in equilibrium with gravity); drag, also known as the 
boundary shear stress (tangential force); and friction, the shear stress exerted by the 
bed  against  the  current  velocity  (tangential  force)  (Allen,  1970).    Increasing  the 
velocity or stress exerted by a fluid over a bed of sediment will eventually result in 
the transport of particles from the original bed to another location (Miller, et al. 
1977).  The point at which some particles from the sediment can be transported with 
the  flow  is  termed  the  threshold  of  motion  (Ogawa,  1988).    This  threshold  is 
achieved when the forces initiating motion are greater than those forces resisting 
motion.  Both small and large particles require high velocities to initiate motion.  In   127
the  case  of  the  large  particles  (for  example  gravel)  this  is  due  to  their  weight, 
whereas  the  smaller  particles  (for  example  fine  silts  and  clays)  are  subject  to 
cohesive forces.  Once suspended the cohesive particles are more likely to remain 
suspended  than  the  cohesionless  particles.    There  are  three  types  of  particle 
transport.  Bedload transport which is intermittent, saltation where grains undergo 
short  periods  of  suspension,  and  suspended  load  transport,  when  grains  remain 
entrained.  All three types are dependent on the grain size and density, and the fluid 
dynamics to which they are exposed.  In practice grains tend to be transported by an 
alternation of all these mechanisms (Allen, 1970; Clifford et a.l, 1993; Allen, 1997).   
Wave action in aquatic environments constitutes a particular form of flow 
regime,  where  water  particles  move  in  orbital  (deep  water)  to elliptical  (shallow 
water) pathways (Carter, 1989; Collinson and Thompson, 1989).  Movement of water 
particles is negligible at the seabed when depths are greater than the wave length.  
In shallow water where depth is less than half the wavelength, the pathways become 
progressively more ellipsoid so that water particles at the seabed are moved in a to-
and-fro motion (Carter, 1989).  Over a bare substratum this to-and-fro motion results 
in sediment movement (Collinson and Thompson, 1989).  However this mechanism 
can be affected by the presence of vegetation such as seagrasses.   
Reduction in flow velocity within the seagrass canopy has been shown to 
enhance  sediment  deposition  and  reduce  sediment  resuspension  (Fonseca  et  al. 
1982; Gacia et al. 1999; Gacia and Duarte 2001).  Seagrass species with flexible strap-
like leaves (for example Posidonia sinuosa) are the most effective modifiers of flow as 
they create dense mesh-like surfaces over which flow is directed (Fonseca et al. 1982),   128
resulting in a discrepancy in flow velocities between the seagrass meadow and the 
water column above it.   
Sedimentary  properties  in  seagrass  vegetated  areas  may  not  reflect  what 
would be expected of the flow regime above the canopy.  The modifying effect of 
seagrasses is dependent on the flow energy, the seagrass species present and/or the 
continuity of the meadow.  For example Amphibolis griffithii (Walker et al. 1996; 
Paling  et  al.  2000),  mixed  beds  of  A.  griffithii  and  Posidonia  coriacea  (Paling 
et al. 2003), Cymodocea nodosa (Marbà and Duarte 1995) and Thalassia testudinum 
(Koch and Gust 1999), appear to have little effect on sedimentation in high energy 
flows.  Van Keulen and Borowitzka (2003), in a study along the southwest coast of 
Western  Australia,  showed  a  significant  interaction  between  the  distribution  of 
sediment grain size fractions within a seagrass meadow (Posidonia sinuosa) and the 
exposure, protected versus exposed, of the meadow to water flow.  They also found 
a  seasonal  water  flow  effect  that  influenced  the  sedimentary  environment  of, 
particularly, protected areas, such that some time after the onset of winter storms 
the sediment profiles of the protected meadows became coarser.  Thus along the 
southern  coast  of  Western  Australia  the  seagrasses  influence  on  sedimentation 
processes may differ from the generally accepted paradigm that “seagrasses trap 
sediment”.    This  deviation  from  the  expected  relationship  warrants  further 
investigation.  
In  this  study  sediment  properties  were  measured  to  investigate  the 
interaction between flow, seagrass species and shoot density described in Chapters 3 
and 4.  Flow velocities that were modelled under summer and winter conditions   129
were found to be higher for winter.  Further, both measured and modelled flow 
velocities, were shown to decrease shorewards.  Amphibolis spp. tended to occur at 
higher  velocities  and  Posidonia  spp.  at  lower,  with  Posidonia  spp.  having  higher 
densities than Amphibolis spp.  With these results in mind it was hypothesised that 
surface  sediment  grain  sizes  would  reflect  the  gradient  in  wave  exposure,  with 
coarser sediments occurring in the most wave-exposed sites progressively grading to 
finer sediments in sheltered areas, regardless of the presence of seagrass meadows.  
If such a gradient could be demonstrated, then profiles of sediment grain size would 
provide an indication of longer-term flow velocities than field measurements, which 
are often restricted in time and space.   
5.2  Methods 
5.2.1  Study site 
Two permanent transects previously described in detail in Chapter 4.2.1 were 
sampled in this study (see Table 4.1 and Figure 4.1).   
5.2.2  Sediment grain size 
5.2.2.1  Sampling and laboratory processing 
Using SCUBA five sediment samples were collected from each site along the 
two transects in summer and winter.  Small vials were used to scoop the top layer of 
sediment from the seabed (2 cm diameter and 5 cm length: approximately 30 g).  
Samples  were  collected  haphazardly  within  a  radius  of  2  m  from  the  study  site 
marker.    This  ensured a  better  control  over the  distance from  shore  parameter, 
providing the means to describe sediment distribution along the gradient of flow.    130
The  sediment  samples  were  transported  back  to  the  laboratory  and  frozen  until 
processed. 
Sediment samples were rinsed with distilled water then dried at 80-100 °C for 
48  hours.    Large  pieces  of  seagrass  and  large  shell  fragments  (>  300  mm)  were 
removed.  Dried samples were placed into a standard sieve stack (Endecotts Ltd.) 
and shaken for 15 minutes by an automatic shaker (Retsch AS200 Analytical Sieve 
Shaker).  The grain-sizes quantified were: > 2 mm (granule), > 1 mm (very coarse 
sand), > 0.5 mm (coarse sand), > 0.25 mm (medium sand), > 0.125 mm (fine sand), 
> 0.063 mm (very fine sand) and < 0.063 mm (fines) (Inman 1952; Gray 1981).   
5.2.2.2  Data analysis 
The  contents  of  each  sieve  was  weighed  and  recorded  to  three  decimal 
points.  The grain size distribution and statistics package GRADISTAT v 4.0 (Blott and 
Pye 2001) was used to calculate mean phi (Φ), skewness and sorting coefficient (σG) 
(see Table 5.1) for each site along the two transects in both summer and winter.  
Skewness  assesses  the  predominance  of  particular  sediment  fractions  and  the 
sorting coefficient provides an idea of the uniformity of the sediment.  If seagrass at 
these sites had a consistent effect on sedimentation by blocking flow, trapping and 
preventing resuspension of sediment then the samples would be expected to have a 
predominance of finer grain-sizes (i.e. fine skewed) and be more poorly sorted (i.e. 
there would be a mix of grain sizes within the sample).   
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Table 5.1:  The values for the sorting coefficient (σG) after Folk and Ward (1957). 
 
The mean phi of each site was used for further analysis as an alternative to 
the actual grain size classes, which violated the assumptions of ANOVA.  Using mean 
phi meant all assumptions for the 3-way ANOVA (season x transect x site) were met 
at α = 0.05.  The non-parametric Spearman’s rho correlation coefficient was used to 
test whether canopy density (Di: results from Chapter 4) and sediment grain size 
(mean phi) were related.  Analyses were performed using SPSS v15 or Statistica v7.  
5.3  Results 
Of  the  seven  grain  size  classifications  tested,  coarse  (>  0.5  mm)  to  fine 
(> 0.063 mm) sand showed the most difference between transects.  For each site 
these differences can be seen in Figure 5.1.  Overall the sediment samples from the 
seagrass-vegetated sites along the South transect tended to be finer, having higher 
percentages  of  >  0.125  mm,  than  equivalent  sites  along  the  North  transect 
(Figure 5.1).  In contrast the vegetated sites of the North transect tended to have 
more medium (> 0.25 mm) and coarse (> 0.5 mm) sand.  Against these trends the   132
bare sand site of the South transect was coarser than the North transect (Figure 5.1).  
Sediment grain size profiles for the solid sites, both vegetated by P. sinuosa, were 
similar for both transects (Figure 5.1).   
To clarify these differences the mean phi (Φ) of each site was used for further 
analysis.  The three-way interaction (2 seasons x 2 transects x 6 sites) was found to 
be significant (f = 43.517 df 5,92 p < 0.001: Table 5.2).  The two-way interactions: 
season x transect (f = 11.844 df 1,92 p < 0.001), season x site (f = 24.209 df 5,92 p < 
0.001) and transect x site (f = 38.516 df 5,92 p < 0.001) were also significant.   
Table 5.2:  Source of variance table for the three-way ANOVA for mean phi (Φ).  
Significance level is indicated by *P < 0.05, **P < 0.01 and ***P < 0.001, df 
degrees of freedom, MS mean squares, F F-statistic, and P P-value.  
Source   df  MS  F  P 
Season  1  1.415  83.067  0.0001*** 
Transect  1  1.523  89.361  0.0001*** 
Site  5  0.938  55.063  0.0001*** 
Season x transect  1  0.202  11.844  0.0013** 
Season x site  5  0.413  24.209  0.0001*** 
Transect x site  5  0.656  38.516  0.0001*** 
Season x transect x site  5  0.742  43.517  0.0001*** 
Total  92       
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Figure 5.1:  Seasonally combined grain size (mm) profiles for the six sites along the North transect (solid line) and South transect 
(dashed line).  Values are given as mean percentages (%) (± SE, n = 120).  When seagrass is present at the sites, the genus is 
indicated as P for Posidonia spp. and A for Amphibolis spp.     134
5.3.1  Within transect comparison of mean phi grain size 
In  summer  along  the  North  transect  the  two  most  inshore  sites,  ES 
(A. griffithii) and S (P. sinuosa), had finer mean phi (Φ) values (3.00 and 2.36) than all 
the other sites (Tukey HSD p < 0.001: Figure 5.2).  The three offshore sites, SA, EF and 
MF (both mixed beds of A. griffithii and A. antarctica) all had significantly coarser 
mean Φ values (1.97, 2.03 and 1.88 respectively) than the sites inshore of them 
(Tukey HSD p < 0.001: Figure 5.2).  In winter the three offshore sites, SA, EF and MF 
still  tended  to  have  coarser  mean  Φ  values  than  those  sites  inshore  of  them.  
However, only the inshore solid (S) P. sinuosa site was significantly different to these 
offshore sites, with a finer mean Φ value (Tukey HSD p < 0.001).  From winter to 
summer the trend was for all sites to become finer, however this was only significant 
for ES (Tukey HSD p < 0.001).   
All sites along the North transect in summer and winter had moderately well 
sorted sediment samples (σG 1.550-1.605) except the solid seagrass site (P. sinuosa) 
(Table 5.3).  Sediment from the solid seagrass site was the least well sorted of all 
sites in both summer and winter, being only moderately sorted (σG 1.704 and 1.710 
respectively).    Skewness  was  variable  along  the  North  transect  in  both  seasons, 
although winter samples tended to be more skewed toward coarse and summer 
samples more toward fine (Table 5.3). 
In summer the South transect showed no real trend except the MF and P 
sites, both vegetated predominantly by P. sinuosa, tended to have finer mean Φ 
values than all other sites (Figure 5.2).  Sediments from the sand (SA) site tended to   135
be coarser than all other sites and was significantly coarser than P (mean Φ 1.97 
compared to 2.21) (Tukey HSD p < 0.001).  In winter sediment from the sand site was 
significantly coarser than all other sites (mean Φ 1.17, Tukey HSD p < 0.001: Figure 
5.2).  There was a trend of finer mean Φ values shorewards along the transect with 
sediments from the solid (S) site (P. sinuosa) being significantly finer than those from 
the SA and EF (mixed bed of A. griffithii and A. antarctica) sites (Tukey HSD p < 
0.001).  From summer to winter only the sand site showed any significant change 
with sediments becoming coarser; mean Φ values of 2.17 in summer and 1.17 in 
winter (Tukey HSD p < 0.001).     136
Table 5.3:  The sorting coefficient and skewness of the North and South transect 
sediment samples in summer and winter.  
 
 
Along  the  South transect  sediment  samples  from  seagrass-vegetated sites 
were moderately well to well sorted in summer (σG 1.324-1.559), except for the solid 
seagrass, which had only moderately sorted sediment (σG 1.754).  In winter most 
sediment samples from seagrass sites were moderately well sorted (σG 1.428-1.570), 
the  exceptions  being  P,  which  was  very  well  sorted  (σG  1.249),  and  S,  which 
remained only moderately sorted (σG 1.716).  For both seasons sediment samples 
from the offshore most exposed unvegetated site (SA) remained only moderately   137
sorted (σG: summer 1.875; winter 1.802).  In both seasons the majority of the sites 
had coarse to very coarse skewed, sediments (Table 5.3).   
 
 
Figure  5.2:    Seasonal  mean  phi  values  (±SE,  n  =  120)  and  Braun-Blanquet  shoot 
densities (Di) (±SE, n = 9) for all sites along the North and South transects.  
Seagrass species present at the sites are also indicated.  
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5.3.2  Between transect comparison of mean phi grain size 
A comparison between equivalent sites along the North and South transects 
in summer showed that overall the sites along the South transect tended to have 
finer sediments than those along the North transect; this was significant for the 
South sites MF and P (Tukey HSD p < 0.001: Figure 5.3).  These South sites were 
vegetated by P. sinuosa whereas the North sites were vegetated by Amphibolis spp.  
However, the ES of the South transect went against this trend and had significantly 
coarser sediment than the North transect ES site (mean Φ 2.26 compared to 3.00: 
Figure 5.3).   
A comparison between equivalent sites along the North and South transects 
in winter showed that overall, sediments along the South transect tended to be finer 
than those along the North transect; this was significant for the South sites MF, P 
and ES – all predominantly P. sinuosa sites compared to the A. griffithii sites of the 
North transect (Tukey HSD p < 0.001: Figure 5.3).  However, sediment from the sand 
site of the South transect was significantly coarser than sediment from the North 
transect SA site (mean Φ 1.17 compared to 1.96: Figure 5.3).   
5.3.3  Sediment mean phi and seagrass density 
There was a significant, albeit weak, positive correlation between seagrass 
density  (Di)  and  mean  Φ  (non-parametric  Spearman’s  rho  correlation  two-tailed, 
r = 3.41, p < 0.001: Figure 5.2).  As Di increased the sediment grain size (mean Φ) 
became finer.     139
 
 
Figure 5.3:  Summer and winter mean phi values (±SE, n = 120) for all sites along the 
North and South transects.  
 
5.4  Discussion 
The aims of this study were twofold.  Firstly to describe sediment grain size 
distribution  along  a  natural  gradient  of  flow  generated  by  orbital  swell  waves.  
Secondly to investigate the influence/interaction of seagrass meadows and the flow 
mechanisms associated with orbital waves on sedimentation processes.  
Sand-sized  grains  were  dominant  in  this  study  reflecting  findings  of  similar 
studies where seagrass meadows were exposed to swell waves (Clarke 1987; van 
Keulen and Borowitzka 2003).  Overall sedimentary properties of the two transects 
differed only in the proportions of coarse (> 0.5 mm) to fine sand (> 0.125 mm).  
Generally, sediment samples from vegetated sites along the North transect had high   140
percentages of medium and coarse sand whilst those from the South transect had 
high percentages of fine sand.   
Dense P. sinuosa meadows, in contrast to Amphibolis spp., steadily decrease 
water  velocities  through  the  canopy  to  seabed,  enhancing  sedimentation  and 
preventing  resuspension,  providing  ambient  water  flow  velocities  are  not  too 
extreme (van Keulen 1998; Bridgwood 2002; van Keulen and Borowitzka 2003).  This 
ability to enhance sedimentation and decrease resuspension was demonstrated by 
all  P.  sinuosa  vegetated  sites  of  both  transects  when  examining  the  seasonally 
combined data.  P. sinuosa sites consistently retained greater proportions of fine 
sediment (> 0.125 mm) than Amphibolis spp. sites (Figure 5.1).  Sediment grain-size 
profiles for the two solid sites (i.e. North and South transects) were virtually identical 
and remained consistent for both seasons, indicating that, regardless of seasonal 
weather  patterns,  a  solid  monospecific  meadow  of  P.  sinuosa  was  able  to 
consistently reduce water flow and hence mixing within the canopy.   
Poorer sorting, dominance of larger grain-sizes and subsequent lack of finer 
grain-sizes  along  the  North  transect  compared  to  the  South  suggest  different 
sediment  transport  regimes.    Mean  flow  velocities  recorded  during  a  calm  day 
revealed that flows over the North transect were between 2 to 7 cm s
-1 faster than 
equivalent  sites  along  the  South  transect.    Mean  flow  velocities  ranged  from 
19.1 cm s
-1 for the offshore site SA, to 8.6 cm s
-1 for the inshore site S (see Chapter 4, 
Figure 4.6).  Results of modelled flows (see Chapter 4, Figure 4.7) showed stronger 
bottom flow velocities (Ubot), by 1 to 16 cm s
-1, occurred over the sites of the North 
transect compared to the South transect during winter storm events and storm-  141
strength sea breezes.  Flows recorded along the North transect ranged between 86.6 - 
76.5 cm s
-1 offshore to 60.9 - 51.8 cm s
-1 inshore, whilst Hs were between 0.75 – 2.5 m.  
Even with the damping effect a seagrass canopy affords, the higher flows measured 
over the North transect compared to the South transect would likely be reflected in 
the flows within the canopy (that is, higher in North compared to South).  A study by 
van Keulen and Borowitzka (2002) recorded velocities between 2 - 5 cm s
-1 at the 
seabed  under  a  seagrass  canopy  during  low  swell  conditions  (Hs  1  -  1.5  m).  
Theoretically those velocities could initiate transport of fine to medium sized grains.  
The differing velocities recorded for the two transects recorded in the present study 
suggest sediment transport would also be initiated; however the mechanisms would 
have been different, contributing to the different sediment grain size profiles seen 
between the two transects.   
The general patterns of sedimentation and flow also had a seasonal element, 
particularly evident for the North transect.  In summer sediment from the offshore 
sites of the North transect (sand, edge fragmented and middle fragmented) were 
significantly coarser than the more inshore sites (patchy, edge solid and solid).  This 
distribution of sediment grain-sizes in summer suggested a gradient of flow existed 
from offshore to inshore, with stronger flow velocities offshore.  This corroborated 
the  modelled  sea  breeze  Ubot  and  in  situ  measured  flow  velocities  presented  in 
Chapter 4 that also showed a gradient of decreasing flow shorewards.   
It was anticipated that with the onset of winter weather patterns and larger 
swell  wave  energy  there  would  be  increased  transport  of  fines,  and  hence  an 
increased proportion of coarse material overall.  Nevertheless there would remain   142
an underlying grading of sediment so that relative proportions of fine sand would 
still increase shoreward, indicating a reduction of flow shorewards.  Along the North 
transect this increase in coarse sediment (i.e. lower mean Φ) was evident for all sites 
except solid, however was only significant for the edge solid (ES) site.  There still 
remained a general trend in increasing fineness shorewards, however it was not as 
obvious as for the summer data.  The significant decrease in mean Φ at the ES site 
suggested a localised effect.  Flows modelled for a NW wind (winds typical of winter 
storm events) revealed localised mean flows in the vicinity of ES of between 34 – 
36 cm s
-1 (see Chapter 3.3.2.1).  A combination of factors including the flow velocity 
and shallowness of the site (3.3 m) could have resulted in entrainment and export of 
finer particles in greater proportion than experienced at any other site along this 
transect.   
The  lack  of  gradation  in  sediment  grain-size  along  the  South  transect  in 
summer indicates the densely vegetating P. sinuosa that occurred in four out of five 
of  the  seagrass  vegetated  sites,  did  influence  sedimentation  mechanisms.  
Interestingly sediment from the ES site was coarser than all the other samples from 
seagrass vegetated sites during summer.  The combined effects of higher modelled 
surface flows for a south-westerly wind over the Southern side and shallowness of 
this site (at 1.7 m this site was half the depth of all other sites) may help to explain 
this result.  During a typical summer wind pattern, flows were 4 cm s
-1 faster over the 
South transect compared to the North transect (see Chapter 3.3.2.1).  Coupled with 
the shallowness of the ES site, turbulence would have been increased at the seabed 
with  subsequent  increased  export  of  fine  sand  from  this  site.    In  winter  the   143
shoreward trend of increasing fine sand from offshore to inshore was slightly more 
pronounced.  In particular sediment from the more exposed unvegetated site (sand) 
became coarser.  The increase in coarse sand offshore would be expected with the 
increased wave energy (Ubot by 20 cm s
-1) and the subsequent export of fine sand.   
Although  not  significant  an  unexpected  result  for  three  out  of  five  of  the 
seagrass vegetated sites was mean Φ becoming finer in winter.  It is possible the 
combined effect of increased concentrations of fine particulates in the water column 
from storm events (unpublished observation) and the sheltering of inshore seagrass 
sites by the sandbar, led to increased deposition and trapping of fine sediment by 
the seagrass.  The close proximity of the limestone reef-island chain (see Chapter 3, 
Figure 3.3) could have increased fine particulates in the water column a result of 
weathering  in  winter.    Gacia  and  Duarte  (2001)  found  that  sediment  deposition 
within a P. oceanica meadow increased in winter due to higher concentrations of 
particulates in the water column.  P. sinuosa has a dense growth habit and is known 
to promote deposition of fine sediments (van Keulen 1998; Bridgwood 2002; van 
Keulen and Borowitzka 2003).  However as no water column samples were collected 
and no measures of depositional rates were made in this study it is not possible to 
determine if this was the cause.   
The ability of seagrasses to modify currents, trap and bind fine particles has 
been widely demonstrated in previous studies (Fonseca and Fisher 1986; Fonseca 
1989; De Falco et al. 2000; Gacia and Duarte 2001; Granata et al. 2001; Newell and 
Koch  2004).    It  was  therefore  anticipated  that  although  there  might  be  slight 
differences  in  the  sediment  mean  Φ  distributions  for  the  seagrass  sites  due  to   144
differences in the seagrass landscapes on the whole they would collectively show a 
similar trend of finer values compared to the unvegetated site.  This was not the case 
for the North transect in summer or winter.  Sediment from some seagrass sites 
appeared  to  be  finer,  some  coarser  and  others  showed  no  difference  to  the 
unvegetated site.  Only sediment from the two inshore sites edge solid (in summer) 
and solid (in summer and winter) were significantly finer.  In contrast grain sizes 
along the South transect appeared to show the expected increase in mean Φ value 
under seagrass canopies compared to the unvegetated site for both seasons.  In 
winter sediment from the sand site was also coarser than all of the seagrass sites.  It 
is apparent from these results that seagrass vegetation of the North transect had 
less influence on sedimentary distributions than those of the South transect.  This 
may  have  been  a  result  of  the  different  species  composition  (and  hence  plant 
morphology) of the seagrass meadows and their capacity to modify water flow and 
stabilise bottom sediments.  Four out of five of the seagrass sites along the North 
transect were vegetated by Amphibolis spp whereas P. sinuosa was the dominant 
seagrass species vegetating four out of five of the seagrass sites along the South 
transect.   
Studies of water flow profiles through Amphibolis spp. and Posidonia spp. have 
shown marked differences between the species (van Keulen and Borowitzka 2002).  
It has been proposed that a peak in water velocity 20 cm above the seabed through 
an Amphibolis meadow is likely to compromise its ability to deposit particles, while 
low seabed velocities would prevent resuspension, under normal weather conditions 
(van Keulen 1998; Verduin and Backhaus 2000; van Keulen and Borowitzka 2002).    145
Further, Wanless (1981) described how currents more easily penetrated underneath 
a seagrass canopy as a result of the blades waving back and forth during orbital flow 
regimes.  Fragmentation of meadows may work to enhance this effect.  It is likely the 
variation seen in mean Φ values of the Amphibolis sites along the North transect 
were a consequence of these properties.  Walker et al. (1996) found that changes in 
shoot  density  for  A.  griffithii  had  no  effect  on  sediment  grain  sizes;  however  a 
concurrent  study  by  van  Keulen  (1998)  did find  an effect  on  water  flow  profiles 
within and above the canopy.  In the present study differences in sediment grain 
sizes  were  recorded  for  sites  where  Amphibolis  spp.  grew,  but  with  no  distinct 
trends, although it was clear that this seagrass species was not very effective in 
maintaining high proportions of fine sand (> 0.125 mm) under its canopy (Figure 5.1).  
These results indicate that the ability for Amphibolis spp. to trap and bind sediment 
is limited, especially with faster flow regimes and is possibly even ineffective during 
times of higher wave energy such as experienced by the plants during winter.  This 
limitation is highlighted when comparing the edge fragmented sites (EF) of the two 
transects, each with their mixed stands of A. griffithii and A. antarctica.  The edge 
fragmented site on the South transect had lower modelled bottom velocities (Ubot) 
for  summer  and  winter  (see  Chapter  4,  Figure  4.7)  and  correspondingly  higher 
proportions of fine sand (> 0.125 mm) than the North transect (Figure 5.1).  This 
indicates that at lower flow regimes Amphibolis was able to trap and maintain finer 
sediments under its canopy, however, as the flow increased, i.e. over the EF site of 
the North transect, this ability was reduced.  The inconsistent sediment profiles of 
the North transect cannot be attributed to one cause but rather to a combination   146
including the hydrodynamic regime, different meadow landscapes (fragmentation) 
and the canopy morphology of the dominant species, Amphibolis.   
A  lack  of  sediment  sorting  under  seagrass  canopies  has  been  described  in 
previous studies and attributed to a reduction in bottom velocities and resistance to 
resuspension of sediments (Swinchatt 1965; Davies 1970; De Falco et al. 2000; De 
Falco et al. 2003).  Sediment grain-size profiles of the solid seagrass sites for both 
transects (both stands of P. sinuosa) were the least well sorted of all seagrass sites 
for both seasons.  However fragmentation of a P. sinuosa meadow increased the 
sorting coefficient.  This suggests that a solid meadow of P. sinuosa is more effective 
in  modifying  flow  than  a  fragmented  meadow  of  P.  sinuosa.    However  the 
consistently fine sediment profiles associated with the P. sinuosa seagrass sites of 
the  South  transect  showed  that  this  species  was  still  able  to  reduce  sediment 
resuspension to some degree regardless of fragmentation. 
This  study  showed  that  sediment  size  distributions  generally  reflect  wave 
exposure; that is, coarser offshore and finer inshore, but that this was modified by 
seagrass meadows.  Overall the North transect was more exposed than the South 
transect, as indicated by higher concentrations of coarse sand.  Sediment samples 
collected from the two transects indicated that the North transect sites vegetated by 
Amphibolis  spp.  were  less  likely  to  exert  a  significant  effect  on  the  water  flow 
velocities  compared  to  the  South  transects  sites,  which  were  vegetated  by 
P. sinuosa.  Further, the inconsistent sediment grain-size profiles of sites vegetated 
by  Amphibolis  spp.  indicated  they  were  more  impacted  by  seasonal  water  flow 
patterns than those vegetated by P. sinuosa.  These results highlight the important   147
flow-modifying role that solid seagrass meadows, particularly P. sinuosa, fulfil in the 
nearshore  environment.    The  results  suggest  that  as  meadows  become  more 
fragmented  their  ability  to  offer  protection  to  the  sedimentary  environment  is 
weakened which could, under worst case scenario, result in significant erosion of the 
nearshore.     148
6  The whole picture  
6.1  Introduction 
Seagrasses grow in a fluid environment and as such are inextricably linked to 
the flow  dynamics  and consequences  of  that flow.    However  knowledge  of  how 
orbital flow, resulting from swell waves, interacts with seagrass landscapes is limited.  
The seagrass landscape of the North Sands platform in Warnbro Sound provided an 
ideal location in which to study these interactions.   
A  multifaceted  approach  was  used  to  address  this  paucity  in  knowledge.  
Firstly  flow  properties  and  exposure  indices  were  quantified.    This  included 
modelling surface flows for Warnbro Sound, wave heights and bottom velocities for 
the  North  Sands  platform,  and  in  situ  flow  measurements  and  relative  exposure 
levels  for  specific  sites.    Secondly,  seagrass  characteristics  for  the  North  Sands 
platform  and  specific  sites  were  quantified,  in  particular  in  relation  to  physical 
exposure.  This included documenting the change in areal extent of the seagrass 
meadows through a 49-year time period, mapping the seagrass species distribution 
for  the  platform  and  measuring  at  specific  sites  the  seagrass  density,  canopy 
compression and sediment grain-size profiles.   
Aerial  imagery  revealed  that  the  seagrass  meadows  of  the  North  Sands 
platform  were  separated  into  two  halves  by  a  sand  bar  thereby  resulting  in  a 
northern and a southern side.  These two sides showed gross differences in the 
landscape of the seagrasses and so were treated separately.     149
A  review  of  historical  aerial  photographs  of  the  North  Sands  platform 
revealed significant changes to the nearshore region and seagrass landscape of the 
area.  Overall there was a loss of seagrass over the 49-year period reviewed (1953 – 
2002),  mostly  due  to  the  build  up  of  a  natural  sand  bar.    However,  there  was 
evidence of increasing loss due to anthropogenic causes, specifically boating-related.  
The seagrass landscape on the southern side of the sand bar was shown to be of a 
more fragmented nature.  
After establishing the dynamic nature of the seagrass landscape on the North 
Sands platform the reasons for this dynamism were further investigated.  To this end 
the  interactions  between  flow  circulation,  exposure  levels  and  seagrass 
characteristics, including sediment grain-size analyses, were investigated.   
The  shape,  bathymetry  and  topography  of  Warnbro  Sound  coupled  with 
seasonal wind patterns contributed to complex flow patterns in the embayment (see 
Chapter 3).  These flow patterns were shown to be correlated to seagrass species 
distribution and seagrass landscape configuration on the North Sands platform (see 
Chapter 5).  In regards to species distributions Amphibolis spp. occurred in areas 
where  there  were  higher  bottom  velocities  (Ubot)  and  wave  heights  (Hs)  than 
Posidonia spp.  Interestingly mixed seagrass beds of A. griffithii and A. antarctica 
occurred  where  these  properties  were  highest,  whereas  monospecific  beds  of 
P. sinuosa  occurred  where  they  were  lowest.    In  terms  of  seagrass  landscapes, 
seagrass meadows were more fragmented offshore where Ubot and Hs values were 
highest.     150
Superimposed  on  this  general  trend  of  increasing  fragmentation  was  a 
difference between the two sides of the sand bar.  The fragmented meadows on the 
northern  side  were  vegetated  by  Amphibolis  spp.,  species  known  to  persist  in 
intermediate to high exposure levels, whilst the southern side was vegetated by 
P. sinuosa, a species that tends to occur in more sheltered areas (Clarke and Kirkman 
1989; Cambridge 1999).  However, the results indicated that it may not be adequate 
to consider only one aspect of flow dynamics (e.g. Ubot) when investigating seagrass 
meadow  fragmentation  in  a  swell  wave  exposed  environment.    In  this  study  it 
appeared to be the surface flow modelling, rather than Hs or Ubot, which explained 
the persistence of the P. sinuosa meadows, albeit fragmented, on the southern side 
of the sand bar.  Surface flow modelling showed that winter winds (N, NW and W) 
generated  anticlockwise  gyres,  whilst  summer  winds  (SW  and  SSW)  generated 
clockwise gyres (see Chapter 3).  The consequences of this were that the Northern 
side was more affected by the winter winds, whereas the Southern side was more 
affected by the summer winds.  Thus although these sides were in close proximity to 
each other (< 1.5 km) there was a significant difference between them.   
Two  scenarios  were  identified  in  Chapter  4.    The  first  was  a  strong  but 
episodic disturbance caused by storm strength winds.  The second scenario was a 
weaker  but  more  frequent  disturbance  caused  by  sea  breezes.    The  seagrass 
distribution, density and fragmentation reflected the gradient in exposure.  Inshore, 
in the less exposed areas P. sinuosa occurred as dense meadows.  In the middle of 
the exposure range P. sinuosa persisted but with decreased meadow continuity until 
it reached its maximum level of exposure tolerance, when Amphibolis became the   151
dominant species.  Then in the upper limits of exposure only the Amphibolis spp. 
were present but as highly fragmented meadows.   
Differences within and between seagrass species and orbital exposure levels 
(seasonal and ambient) were investigated.  It was found that seagrass genus played a 
pivotal  role  in  determining  the  meadow’s  ability  to  promote  and  prevent 
resuspension of sediment, especially under higher flow regimes.  However the level 
of fragmentation of the meadow affected the amount of mixing occurring within a 
meadow especially for the P. sinuosa meadows with increased mixing occurring as 
these meadows fragment.   
The  aim  of  this  chapter  is  to  draw  together  the  findings  of  all  previous 
chapters.    Using  multivariate  analysis,  correlations  between  selected  seasonal 
environmental indicators and seagrass species and/or seagrass landscape types were 
investigated.   
6.2  Methods 
6.2.1  Multivariate analysis 
Data were separated into biotic and abiotic (physical) variables.  The biotic 
variables included seagrass assemblages and Braun-Blanquet densities (Di) for the 
two transects and six sites each, in summer and winter.  Data were square root 
transformed and the Bray-Curtis coefficient was used to calculate the similarities 
between  every  sample  pair.    The  abiotic  variables  consisted  of  the  summer  sea 
breeze 2003 and winter NW storm 2003 Ubot and Hs data (Chapter 3), the summer 
and winter sediment grain-size data (seven grain-sizes, Chapter 4) and the summer   152
and winter canopy compression ratio (CRi Chapter 5).  As the abiotic variables were 
measured in different units the data was normalised by first taking the 4
th root then 
subtracting  the  mean  and  dividing  by  the  standard  deviation,  following  the 
procedure described by Valesini et al. (2003).  The similarities between each pair of 
samples  were  calculated  using  the  Euclidean  distance  with  no  further 
transformation.  Initial analyses were performed using Non-metric Multi Dimensional 
Scaling (nMDS).  The relationship between the biotic and the abiotic variables was 
investigated using the BIOENV routine in PRIMER v6.  This routine empirically links 
the biotic matrix to the abiotic variables (Clarke and Ainsworth 1993; Clarke and 
Gorely  2001).    The  BIOENV  routine  was  run  on  the  combined  data  set  and  the 
seasonally  separated  data  (i.e.  summer  and  winter);  see  Table  6.1 for  study  site 
abbreviations. 
Table 6.1:  The abbreviations used in PRIMER to identify the transect and study site 
Transect  Site  Season  Abbreviation 
North  Edge fragmented   summer  N S EF 
    Winter  N W EF 
  Middle fragmented  Summer  N S MF 
    Winter  N W MF 
  Patchy  Summer  N S P 
    Winter  N W P 
  Edge solid  Summer  N S ES 
    Winter  N W ES 
  Solid   Summer  N S S 
    winter  N W S 
       
South  Edge fragmented  Summer  S S EF 
    Winter  S W EF 
  Middle fragmented  Summer  S S MF 
    Winter  S W MF 
  Patchy  Summer  S S P 
    Winter  S W P 
  Edge solid  Summer  S S ES 
    Winter  S W ES 
  Solid  Summer  S S S 
    Winter  S W S    153
6.3  Results 
6.3.1  MDS ordination and BIOENV 
The  first  division  of  the  biotic  cluster  analysis  accounted  for  60  %  of  the 
species similarity.  This division effectively separated the North transect from the 
South transect with two exceptions.  The first was that for both seasons the solid site 
from the North transect was determined to be more similar to the South transect 
(NSS and NWS: Figure 6.1).  The second exception was that for both seasons the 
edge fragmented site of the South transect was determined to be more similar to 
the North transect (SSEF and SWEF: Figure 6.1).  This clustering effectively separated 
the Posidonia spp. from the Amphibolis spp.   
 
Figure 6.1:  Dendrogram of the biotic data for all sites in both seasons, using group-
average clustering from Bray-Curtis similarities.  For study site abbreviations 
see Table 6.1.  
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The cluster analysis for the summer and winter abiotic data showed a similar 
initial separation into the North and South transects.  Again for both seasons, the 
solid site of the North transect grouped with the South transect (NWS and NSS: 
Figure 6.2) and the edge fragmented site of the South transect grouped with the 
North transect (SWEF and SSEF: Figure 6.2).  In addition the North transects’ edge 
solid site in summer grouped with the other South transect sites (NSES: Figure 6.2).   
 
 
Figure 6.2:  Dendrogram of the abiotic data for all sites in both seasons, using group-
average clustering from Euclidean distances.  For study site abbreviations see 
Table 6.1.  
 
The nMDS ordination of the summer biotic and abiotic variables shows no 
clear  groupings  (Figure  6.3  A).    However,  in  winter  genera  were  separated  and 
species were grouped into relatively discrete clusters (Figure 6.3 B).   155
 
Figure 6.3:  MDS ordination of biotic variables superimposed on the abiotic variables:  
A) grouping in summer and B) grouping in winter.  The two circles in B) show 
the  grouping  into  genera  occurring  in  the  winter  dataset  as  indicated  by 
PRIMER.  
 
Draftsman plots of all pair-wise combinations of variables (biotic and abiotic) 
showed  some  evidence  of  colinearity  for  sediment  grain  sizes  >  0.25  mm  and  > 
0.125 mm and Ubot and Hs.  Thus, for further analyses > 0.125 mm and Hs were 
excluded from the variable list.   
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Figure 6.4:  MDS ordination of the values for the six abiotic variables selected by BIOENV that best describe the pattern in the winter 
biotic variables; grains sizes: A) coarse (> 0.5 mm); B) medium (> 0.25 mm); C) fine (> 0.063 mm); and D) significant wave height 
(Hs in cm), E) canopy compression ratio (CRi) and F) orbital velocity near the seabed (Ubot in cm s
-1).  The values for each of these 
variables are superimposed as circles of proportional size over each of the study sites.  
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The combined summer/winter dataset resulted in a low correlation (r
2 = 0.49) 
as did the separated summer dataset (r
2 = 0.46).  However the separated winter 
dataset revealed a much stronger correlation (r
2 = 0.81) between the biotic and 
abiotic variables.  The results for the winter dataset are explored below.  
For winter six abiotic variables best predicted the biotic variables, these were 
coarse sand (> 0.5 mm), medium sand (> 0.25 mm), fine sand (> 0.063 mm), canopy 
compression  (CRi)  and  the  modelled  2003  NW  storm  bottom  velocity  (Ubot)  and 
significant wave height (Hs) (Figure 6.4).  The size of the circles superimposed on the 
biotic nMDS plot reflects the relative extent these abiotic variables varied among the 
ten  seagrass  sites  (Figure  6.4).    The  coarse  and  medium  sediment  grain  sizes 
(> 0.5 mm  and  >  0.25  mm)  occurred  in  relatively  higher  concentrations  at  the 
Amphibolis spp. sites (i.e. NWES, NWP, NWMF, NWEF and SWEF: Figure 5.4 A and B).  
In  contrast  there  were  relatively  higher  concentrations  of  very  fine  sand 
(> 0.063 mm) at the sites vegetated by Posidonia spp., especially the inshore solid 
sites  (i.e.  NWS,  SWS  SWP:  Figure  6.4  C).    Canopy  compression  (CRi)  tended  to 
separate  the  sites  vegetated  by  Posidonia spp.  from  those  vegetated  by 
Amphibolis spp. with the Posidonia spp. compressing more (Figure 6.4 E).  The NW 
storm 2003 Hs and Ubot show a decreasing trend shorewards, with highest values at 
the offshore sites (SWEF and NWEF) and lowest at the inshore sites (NWS and SWS, 
Figure 6.4 D and F).   
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6.4  Discussion 
Data from previous studies were combined into a multivariate analysis the 
results of which indicate that water flow/wave exposure plays a significant role in 
the distribution of species and the seagrass meadow continuity on the North Sands 
platform.  This was confirmed by a strong correlation (r
2 = 0.81) between the biotic 
and abiotic variables for the winter dataset.  Interestingly the summer correlation 
was low despite the consistently present and strong sea breeze.  This suggests that 
although it has been proposed that the sea breeze may have a greater impact on the 
nearshore  processes,  including  the  nearshore  sediment  dynamics,  than  winter 
storms (see Sonu 1973 and Masselink 1996), this does not appear to hold for the 
nearshore landscape of the North Sands platform which is dominated by seagrass 
meadows.  It appears that in this instance the potential effects of the sea breeze are 
limited by the presence of the seagrasses.  In contrast, it is the infrequent winter 
storms and their relatively greater flow velocities that have the greatest impact on 
this landscape.   
This study showed that the winter flow conditions are the drivers of patterns 
in  species  distributions and fragmentation  seen  in  the  seagrass  landscape  of the 
North Sands platform.     159
 
7  Conclusions and Recommendations 
This thesis documented the long term and seasonal variability of a seagrass 
landscape along a gradient of wave exposure on the North Sands platform, Warnbro 
Sound in Western Australia. 
World-wide many seagrass landscapes are declining due to anthropogenic 
and  natural  influences  (Walker  and  McComb  1992;  Short  and  Wyllie-Echeverria 
1996).    Incorporating  historical  aerial  photographs  into  GIS  showed  the  seagrass 
meadows  of  the  North  Sands  platform  have  also  declined  in  recent  times.  
Development of the sand bar was the major cause of seagrass loss.  This contrasts 
with studies where seagrass loss preceded the sediment build up (see Kirkman 1978; 
Hine et al. 1987).  Nor was this sediment build up the result of transitory sand waves 
(see Marbà and Duarte 1995; Paling et al. 2003); rather it was a constant deposition 
due in part to the prevailing hydrodynamic conditions.  In contrast anthropogenic 
driven seagrass losses (boat mooring/propeller scarring) were minimal, although this 
was  shown  to  be  increasing  and  therefore  necessitates  continued  monitoring.  
Ongoing loss of seagrass was also noted in the offshore fragmented seagrass beds 
suggesting  these  areas  are  susceptible  to  disturbance.    Implications  for  future 
management of this area should include the monitoring of these fragmented areas 
as any additional stressors, for example from anthropogenic influences, could have 
disastrous consequences for these offshore meadows which may flow on to affect 
meadows inshore.   160
Digital  image  processing  used  in  this  thesis  was  effective,  portraying  the 
seagrass  landscape  as  closely  to  the  original  aerial  photograph  as  possible.   This 
allowed  fine-scale  details  of  the  seagrass  landscape  (including  fragmentation 
patterns) to be preserved and thus compared through the study’s time frame.  In 
future landscape studies the use of multispectral imagery and GIS to possibly discern 
seagrass species would be advantageous.  
Environmental variables used in this study provided an adequate means of 
indication  of  seagrass  species  distribution  and  seagrass  landscape  type.  Other 
variables  no  tested  here,  including  in  situ  fine-scale  water  flow  measurements, 
fluorescence and weather hind-casting could improve the predictability of seagrass 
landscapes, in terms of seagrass distribution and meadow morphology.   
Flow patterns within Warnbro Sound were shown to be the result of complex 
interactions  between  the  shape,  bathymetry  and  topography  of  the  area  and 
correlated to seagrass species distribution and the seagrass landscape morphology.  
The  pattern  of  increasing  fragmentation  occurring  with  increased  disturbance 
demonstrated in this thesis agrees with previous studies (Patriquin 1975; Kirkman 
and Kuo 1990; Fonseca and Bell 1998; Fonseca et al. 2002).   
A  level  of  complexity  was  identified  when  investigating  seagrass  meadow 
fragmentation in swell wave dominated areas, in that it may not be adequate to 
consider only one aspect of flow mechanics but rather a combination of flow forcings 
and  seagrass  meadow  properties.    This  was  highlighted  by  the  results  of  the 
sediment study where it was shown that not only did seagrass morphology play an   161
important  role  in  determining  the  meadow’s  ability  to  promote  and  prevent 
resuspension  of  sediment,  but  that  the  level  of  fragmentation  of  meadows 
drastically affected this ability, in particular for P. sinuosa.  P. sinuosa is a dominant 
species of the nearshore in south-Western Australia, however it is also known to 
have  limited  regeneration  capabilities  (Kirkman  1985;  Kirkman  and  Kuo  1996).  
Should  P.  sinuosa  become  extensively  fragmented  due  to  other  pressures  (e.g. 
excessive nutrient inputs) the resultant increased mixing may result in erosion of the 
substratum and subsequent loss of further seagrass.  These studies indicate not only 
the importance of identifying species but also the seagrass landscape types when 
developing  future  management  strategies  and  that  applying  the  precautionary 
principle is advisable for coastal planning projects. 
Storm events were shown to influence the landscape of seagrasses, which 
has significant implications for further studies along swell wave exposed coasts and 
seagrass meadows growing there.  Loss or gain of seagrass areal extent may be 
partially  explained  by the  presence  or absence  of  significant  storm  events.    It  is 
therefore  recommended  that  future  studies  investigating  changes  to  seagrass 
landscapes include weather hind casting and if possible modelling of flow properties 
generated by real weather events, especially winter storms.   
In conclusion seagrasses fill important trophic, structural and functional roles 
as  coastal  landscapes.    However,  they  are  susceptible  to  disturbance  from  both 
natural  and  anthropogenic  causes.    As  a  result  interest  in  their  sustainability 
worldwide  has  increased.    Duarte  (2002)  suggested  that  developing  quantitative 
models that can predict how disturbance may affect seagrasses is a vital step toward   162
their conservation.  However the dynamic nature of seagrass landscapes, especially 
in  high  energy  areas  such  as  the  south-Western  Australian  coast,  requires  a 
reappraisal  of  the  research  approach.    This  thesis  highlights  the  need  to  use  a 
multidisciplinary approach to seagrass research.  It is also provides a position from 
which  to  start  generating  quantitative  models  for  predicting  changes  in  seagrass 
landscapes along this swell wave exposed coastline.  
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Appendix 1  
 
 Information for the aerial photographs 
 
 
 
Crosstabulation results for the images using the MAXLIKE classes 
Where 0 is background, 1 is seagrass, 2 is sand, 3 is terrestrial and 4 is other 
 
Cross-tabulation of resize_max_1953 (columns) against resize_max_1963 (rows) 
 
        Chi Square =18073060.00000 
                df =        8 
        Cramer's V =        0.6518 
 
        Proportional Crosstabulation 
                  0         1         2         3         4     Total 
         ------------------------------------------------------------ 
     0 |     0.2693    0.0000    0.0000    0.0000    0.0000 |  0.2693 
     1 |     0.0067    0.4273    0.0422    0.0001    0.0188 |  0.4951 
     2 |     0.0841    0.0864    0.0567    0.0069    0.0015 |  0.2355 
          ------------------------------------------------------------ 
Total |     0.3600    0.5138    0.0989    0.0070    0.0203 |  1.0000 
 
Overall Kappa         0.6055 
 
 
 
Cross-tabulation of resize_max_1953 (columns) against resize_max_1989 (rows) 
 
        Chi Square =21989632.00000 
                df =       12 
        Cramer's V =        0.5871 
 
        Proportional Crosstabulation 
                  0         1         2         3         4     Total 
         ------------------------------------------------------------ 
     0 |     0.3319    0.0000    0.0000    0.0000    0.0000 |  0.3319 
     1 |     0.0062    0.4274    0.0531    0.0004    0.0121 |  0.4992 
     2 |     0.0219    0.0851    0.0413    0.0049    0.0081 |  0.1613 
     3 |     0.0000    0.0013    0.0045    0.0017    0.0000 |  0.0076 
          ------------------------------------------------------------ 
Total |     0.3600    0.5138    0.0989    0.0070    0.0203 |  1.0000 
 
Overall Kappa         0.6750 
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Cross-tabulation of resize_max_1953 (columns) against resize_max_1995 (rows) 
 
        Chi Square =20342638.00000 
                df =       12 
        Cramer's V =        0.5647 
 
        Proportional Crosstabulation 
                  0         1         2         3         4     Total 
         ------------------------------------------------------------ 
     0 |     0.3319    0.0000    0.0000    0.0000    0.0000 |  0.3320 
     1 |     0.0020    0.3612    0.0483    0.0008    0.0082 |  0.4205 
     2 |     0.0261    0.1482    0.0463    0.0051    0.0121 |  0.2378 
     3 |     0.0000    0.0044    0.0043    0.0011    0.0000 |  0.0098 
          ------------------------------------------------------------ 
Total |     0.3600    0.5138    0.0989    0.0070    0.0203 |  1.0000 
 
Overall Kappa         0.5953 
 
 
 
Cross-tabulation of resize_max_1953 (columns) against resize_max_2002 (rows) 
 
        Chi Square =16840556.00000 
                df =       16 
        Cramer's V =        0.4449 
 
        Proportional Crosstabulation 
                  0         1         2         3         4     Total 
         ------------------------------------------------------------ 
     0 |     0.2693    0.0000    0.0000    0.0000    0.0000 |  0.2693 
     1 |     0.0150    0.3184    0.0357    0.0004    0.0064 |  0.3758 
     2 |     0.0530    0.1778    0.0561    0.0049    0.0107 |  0.3025 
     3 |     0.0001    0.0077    0.0055    0.0017    0.0000 |  0.0150 
     4 |     0.0227    0.0100    0.0016    0.0000    0.0032 |  0.0374 
          ------------------------------------------------------------ 
Total |     0.3600    0.5138    0.0989    0.0070    0.0203 |  1.0000 
 
Overall Kappa         0.4827 
 
 
 
Cross-tabulation of resize_max_1963 (columns) against resize_max_1989 (rows) 
 
        Chi Square =19712792.00000 
                df =        6 
        Cramer's V =        0.6808 
 
        Proportional Crosstabulation 
                  0         1         2     Total 
         ---------------------------------------- 
     0 |     0.2693    0.0000    0.0626 |  0.3319 
     1 |     0.0000    0.4218    0.0773 |  0.4992 
     2 |     0.0000    0.0711    0.0903 |  0.1613 
     3 |     0.0000    0.0022    0.0053 |  0.0076 
          ---------------------------------------- 
Total |     0.2693    0.4951    0.2355 |  1.0000 
 
Overall Kappa         0.6505 
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Cross-tabulation of resize_max_1963 (columns) against resize_max_1995 (rows) 
 
        Chi Square =19004502.00000 
                df =        6 
        Cramer's V =        0.6684 
 
        Proportional Crosstabulation 
                  0         1         2     Total 
         ---------------------------------------- 
     0 |     0.2693    0.0000    0.0627 |  0.3320 
     1 |     0.0000    0.3618    0.0587 |  0.4205 
     2 |     0.0000    0.1288    0.1089 |  0.2378 
     3 |     0.0000    0.0045    0.0053 |  0.0098 
          ---------------------------------------- 
Total |     0.2693    0.4951    0.2355 |  1.0000 
 
Overall Kappa         0.5977 
 
 
 
Cross-tabulation of resize_max_1963 (columns) against resize_max_2002 (rows) 
 
 
        Chi Square =24288346.00000 
                df =        8 
        Cramer's V =        0.7557 
 
        Proportional Crosstabulation 
                  0         1         2     Total 
         ---------------------------------------- 
     0 |     0.2693    0.0000    0.0000 |  0.2693 
     1 |     0.0000    0.3176    0.0582 |  0.3758 
     2 |     0.0000    0.1562    0.1463 |  0.3025 
     3 |     0.0000    0.0084    0.0066 |  0.0150 
     4 |     0.0000    0.0129    0.0245 |  0.0374 
          ---------------------------------------- 
Total |     0.2693    0.4951    0.2355 |  1.0000 
 
Overall Kappa         0.6018 
 
 
 
Cross-tabulation of resize_max_1989 (columns) against resize_max_1995 (rows) 
 
        Chi Square =30584248.00000 
                df =        9 
        Cramer's V =        0.6924 
 
        Proportional Crosstabulation 
                  0         1         2         3     Total 
         -------------------------------------------------- 
     0 |     0.3319    0.0000    0.0000    0.0000 |  0.3320 
     1 |     0.0000    0.4021    0.0181    0.0002 |  0.4205 
     2 |     0.0000    0.0956    0.1369    0.0053 |  0.2378 
     3 |     0.0000    0.0015    0.0063    0.0020 |  0.0098 
          -------------------------------------------------- 
Total |     0.3319    0.4992    0.1613    0.0076 |  1.0000 
 
Overall Kappa         0.8020 
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Cross-tabulation of resize_max_1989 (columns) against resize_max_2002 (rows) 
 
        Chi Square =23212616.00000 
                df =       12 
        Cramer's V =        0.6032 
 
        Proportional Crosstabulation 
                  0         1         2         3     Total 
         -------------------------------------------------- 
     0 |     0.2693    0.0000    0.0000    0.0000 |  0.2693 
     1 |     0.0112    0.3462    0.0184    0.0000 |  0.3758 
     2 |     0.0290    0.1316    0.1366    0.0052 |  0.3025 
     3 |     0.0001    0.0075    0.0051    0.0023 |  0.0150 
     4 |     0.0224    0.0138    0.0012    0.0000 |  0.0374 
          -------------------------------------------------- 
Total |     0.3319    0.4992    0.1613    0.0076 |  1.0000 
Using resize_max_1989 as the reference image... 
 
Overall Kappa         0.6358 
 
 
 
Cross-tabulation of resize_max_1995 (columns) against resize_max_2002 (rows) 
 
        Chi Square =23435468.00000 
                df =       12 
        Cramer's V =        0.6061 
 
        Proportional Crosstabulation 
                  0         1         2         3     Total 
         -------------------------------------------------- 
     0 |     0.2693    0.0000    0.0000    0.0000 |  0.2693 
     1 |     0.0112    0.3134    0.0507    0.0005 |  0.3758 
     2 |     0.0291    0.0893    0.1775    0.0067 |  0.3025 
     3 |     0.0001    0.0058    0.0064    0.0027 |  0.0150 
     4 |     0.0224    0.0118    0.0032    0.0000 |  0.0374 
          -------------------------------------------------- 
Total |     0.3320    0.4205    0.2378    0.0098 |  1.0000 
 
Overall Kappa         0.6515 
 
 
 
Crosstabulation results for the sand bar 
Where 0 is background and 1 is sand 
 
Cross-tabulation of spit_1953 (columns) against spit_1963 (rows) 
 
        Chi Square = 8691734.00000 
                df =        1 
        Cramer's V =        0.6393 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.9245    0.0148 |  0.9393 
     1 |     0.0238    0.0370 |  0.0607 
          ------------------------------ 
Total |     0.9483    0.0517 |  1.0000 
 
Overall Kappa         0.6370 
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Cross-tabulation of spit_1953 (columns) against spit_1989 (rows) 
 
        Chi Square = 7151543.00000 
                df =        1 
        Cramer's V =        0.5799 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8984    0.0099 |  0.9083 
     1 |     0.0499    0.0418 |  0.0917 
          ------------------------------ 
Total |     0.9483    0.0517 |  1.0000 
 
Overall Kappa         0.5535 
 
 
 
Cross-tabulation of spit_1953 (columns) against spit_1995 (rows) 
 
        Chi Square = 6537927.00000 
                df =        1 
        Cramer's V =        0.5544 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8922    0.0102 |  0.9024 
     1 |     0.0561    0.0415 |  0.0976 
          ------------------------------ 
Total |     0.9483    0.0517 |  1.0000 
 
Overall Kappa         0.5235 
 
 
Cross-tabulation of spit_1953 (columns) against spit_2002 (rows) 
 
        Chi Square = 6384638.50000 
                df =        1 
        Cramer's V =        0.5479 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8493    0.0006 |  0.8499 
     1 |     0.0990    0.0511 |  0.1501 
          ------------------------------ 
Total |     0.9483    0.0517 |  1.0000 
 
Overall Kappa         0.4653 
 
 
Cross-tabulation of spit_1963 (columns) against spit_1989 (rows) 
 
        Chi Square = 7631985.00000 
                df =        1 
        Cramer's V =        0.5990 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8944    0.0139 |  0.9083 
     1 |     0.0448    0.0469 |  0.0917 
          ------------------------------ 
Total |     0.9393    0.0607 |  1.0000 
Overall Kappa         0.5845 
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Cross-tabulation of spit_1963 (columns) against spit_1995 (rows) 
 
        Chi Square = 7760414.50000 
                df =        1 
        Cramer's V =        0.6041 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8904    0.0120 |  0.9024 
     1 |     0.0489    0.0487 |  0.0976 
          ------------------------------ 
Total |     0.9393    0.0607 |  1.0000 
 
Overall Kappa         0.5846 
 
 
Cross-tabulation of spit_1963 (columns) against spit_2002 (rows) 
 
 
        Chi Square = 6156487.50000 
                df =        1 
        Cramer's V =        0.5380 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8442    0.0057 |  0.8499 
     1 |     0.0951    0.0550 |  0.1501 
          ------------------------------ 
Total |     0.9393    0.0607 |  1.0000 
 
Overall Kappa         0.4766 
 
 
Cross-tabulation of spit_1989 (columns) against spit_1995 (rows) 
 
        Chi Square =14763593.00000 
                df =        1 
        Cramer's V =        0.8332 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8910    0.0114 |  0.9024 
     1 |     0.0173    0.0803 |  0.0976 
          ------------------------------ 
Total |     0.9083    0.0917 |  1.0000 
 
Overall Kappa         0.8327 
 
 
Cross-tabulation of spit_1989 (columns) against spit_2002 (rows) 
 
        Chi Square =11164130.00000 
                df =        1 
        Cramer's V =        0.7245 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8467    0.0032 |  0.8499 
     1 |     0.0617    0.0884 |  0.1501 
          ------------------------------ 
Total |     0.9083    0.0917 |  1.0000 
 
Overall Kappa         0.6971   186
Cross-tabulation of spit_1995 (columns) against spit_2002 (rows) 
 
        Chi Square =12284569.00000 
                df =        1 
        Cramer's V =        0.7600 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.8475    0.0024 |  0.8499 
     1 |     0.0549    0.0952 |  0.1501 
          ------------------------------ 
Total |     0.9024    0.0976 |  1.0000 
 
Overall Kappa         0.7377 
 
 
 
 
Crosstabulation results for the mooring/propeller scars 
Where 0 is background and 1 is sand 
 
Cross-tabulation of mooring_1953 (columns) against mooring_1989 (rows) 
 
        Chi Square =   10056.69434 
                df =        1 
        Cramer's V =        0.0455 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.9862    0.0013 |  0.9875 
     1 |     0.0123    0.0002 |  0.0125 
          ------------------------------ 
Total |     0.9985    0.0015 |  1.0000 
 
Overall Kappa         0.0279 
 
 
 
Cross-tabulation of mooring_1953 (columns) against mooring_2002 (rows) 
 
        Chi Square =      97.71207 
                df =        1 
        Cramer's V =        0.0045 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.9847    0.0015 |  0.9862 
     1 |     0.0138    0.0000 |  0.0138 
          ------------------------------ 
Total |     0.9985    0.0015 |  1.0000 
 
Overall Kappa        -0.0026 
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Cross-tabulation of mooring_1989 (columns) against mooring_2002 (rows) 
 
        Chi Square =  929049.18750 
                df =        1 
        Cramer's V =        0.4371 
 
        Proportional Crosstabulation 
                  0         1     Total 
         ------------------------------ 
     0 |     0.9795    0.0067 |  0.9862 
     1 |     0.0080    0.0058 |  0.0138 
          ------------------------------ 
Total |     0.9875    0.0125 |  1.0000 
 
Overall Kappa         0.4365 
 
 
 
Crosstabulation results for mooring/propeller scars to east of spit 
Where 0 is background and 1 is sand 
 
Cross-tabulation of east_moorings_1989 (columns) against east_mooring_2002 (rows) 
 
        Chi Square =      89.34498 
                df =        1 
        Cramer's V =        0.0128 
 
        Proportional Crosstabulation 
 
                  0         1     Total 
         ------------------------------ 
     0 |     0.9679    0.0043 |  0.9721 
     1 |     0.0276    0.0003 |  0.0279 
          ------------------------------ 
Total |     0.9955    0.0045 |  1.0000 
 
Overall Kappa         0.0088 
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Appendix 2 
1: 1-5%
5%
Braun-Blanquet 
Scale
+: <1% (present)
2: 5-25%
10% 15% 20%
3: 25-50%
30% 40% 50%
4: 50-75%
60% 70%
5: 75-100%
Visual Percentage Estimation Charts
80% 90% 100%
Produced by the S2 Group (Seagrass Rehabilitation), Murdoch University  
Braun-Blanquet visual percentage estimation chart developed by the Seagrass 
Rehabilitation Research Group at Murdoch University  189
 